I. Introduction
The identification of nitric oxide (NO 1 ), a small gaseous molecule, as a key biological signal was a landmark event in understanding regulation of many physiological functions. NO is composed of one nitrogen atom and one oxygen atom and has a half-life of several seconds (Ignarro, 2005) . In 1992, it was named molecule of the year, and in 1998, three scientists, Robert Furchgott, Louis Ignarro, and Ferid Murad, were awarded the Nobel Prize in Physiology or Medicine "for their discoveries concerning nitric oxide as a signaling molecule in the cardiovascular system." Thus, in contrast to many other molecules whose signaling mechanisms and biological effects have been studied for many years, our understanding of NO-signaling processes is still in its infancy. Despite its molecular simplicity, NO acts as a biological signal in a number of ways (Ignarro et al., 2002; Hof-mann, 2005; Ignarro, 2005; Bryan et al., 2009; Foster et al., 2009; Groneberg et al., 2010) . NO is the active component released from a number of nitrovasodilators, such as glyceryl trinitrate (nitroglycerin) , that are widely used in the clinic for therapeutic relief of chest pain known as angina pectoris; nitroglycerin had been used clinically for many decades before the realization that NO is a natural signaling molecule in the cardiovascular system (Marsh and Marsh, 2000) . Nitric oxide produced naturally and that derived from nitrovasodilators, such as nitroglycerin, act via the same molecular mechanisms to regulate functions of smooth muscle cells encircling blood vessels, but effects of NO vary significantly among different types of blood vessels. Moreover, the NO derived from glyceryl trinitrate, unlike that derived from endothelial cells and nerves, is released through a bioactivation process so that the effectiveness of the medication can be affected by the availability of enzymes and other factors required for this step. Effects of NO derived from nitroglycerin are modest in platelets and some other tissues, and tolerance to nitroglycerin is a significant clinical problem; both factors drive the need for alternate drugs that have similar overall actions.
A. Nitric Oxide as a Signaling Molecule
NO is synthesized by the catalytic action of a family of NO synthases (NOS) that convert the precursor amino acid, L-arginine, to NO and L-citrulline (Fig. 1) Ignarro, 2005; Madhusoodanan and Murad, 2007; Bryan et al., 2009 ). The three families of NO synthases include the inducible NOS, which is commonly expressed in response to inflammatory stimuli and produces NO that is an important defense against pathogens; neuronal NOS (nNOS), which was first found in neuronal tissues and produces NO that is an important neurotransmitter particularly in nonadrenergic noncholinergic nerves; and endothelial NOS (eNOS), which was first found in endothelial cells and produces NO that acts as a paracrine signal in a number of systems, including the vasculature. NO produced by endothelial cells was initially designated by Robert Furchgott as the "endothelial-derived relaxation factor" (EDRF), which was extensively studied and characterized (Furchgott, 1995 (Furchgott, , 1998 (Furchgott, , 1999 . Even though it was known that nitrates could produce relaxation of vascular smooth muscle similar to that observed with EDRF, it took many years to determine that EDRF was actually NO (Furchgott et al., 1987; Ignarro et al., 1987 Ignarro et al., , 1988 Palmer et al., 1987; Buga et al., 1989; Furchgott, 1998; Ignarro, 1999 Ignarro, , 2005 .
The restricted monikers given to NOS isozymes are based on the tissues in which they were initially discovered, but they are expressed in many tissues. Both nNOS and eNOS are expressed constitutively, exhibit low basal activity, and are stimulated by calcium influx into the cell and calcium/calmodulin binding. Activities of these enzymes are regulated by several mechanisms, including phosphorylation, nitrosylation, interaction with other proteins, cofactor/substrate availability, and changes in transcription Alderton et al., 2001; Fleming and Busse, 2003; Mitchell et al., 2005; Cary et al., 2006; Erwin et al., 2006; Fisslthaler and Fleming, 2009) .
NO is produced and released from many cell types in the body, where it acts either as a neurotransmitter or as a paracrine agent. eNOS is highly expressed in endothelial cells, which is apparently the major source of plasma NO (Walter and Gambaryan, 2009) . NO synthesis and release from endothelial cells is increased in response to mechanical shear stress of blood passing over the cell surface and to release of acetylcholine and perhaps other neurotransmitters and stimuli. NO is also released from neuronal cell terminals as a neurotransmitter in response to various depolarizing stimuli. NO extruded into the intercellular space from both origins then traverses the plasma membrane of nearby cells, where it acts as a signal to alter functions of target proteins and biological processes (Fig. 1) . NO induces changes in target protein functions directly by binding covalently to tyrosines and cysteines (Foster et al., 2009 ) on those proteins or forming complexes with heme groups associated with those proteins (e.g., the NO-activated guanylyl cyclase (NO-GC) (Ignarro, 1999) .
NO at nanomolar levels binds tightly to a prosthetic heme on the ␤-subunit of NO-GC, also known as the soluble guanylyl cyclase, and causes a 100-to 200-fold FIG. 1. Nitric oxide signaling through cGMP. NO is synthesized from L-arginine by NO synthases located in neuronal, endothelial, or other cells. Calcium that enters the cell complexes with calmodulin and activates the synthases. The NO produced then diffuses through the intercellular space and traverses the cell membrane of a nearby target cell. Therein, NO binds to and activates NO-guanylyl cyclase, which increases synthesis of cGMP from GTP and results in activation of PKG phosphotransferase activity. These processes initiate a cascade of reactions that are amplified at each step as shown by increasingly larger arrows and text. CaM, calmodulin. [Adapted from (Fig. 1) (Ignarro et al., 1982; Stone and Marletta, 1996; Friebe and Koesling, 2003; Russwurm and Koesling, 2004; Mullershausen et al., 2005; Cary et al., 2006; Derbyshire and Marletta, 2009 ). Activation of NO-GC increases conversion of GTP to cGMP, resulting in elevation of cGMP, which initiates the cGMP-signaling pathway and subsequent physiological changes (Waldman and Murad, 1988; Furchgott and Jothianandan, 1991; Bryan et al., 2009 ). Some reports demonstrate that a second molecule of NO may affect NO-GC functions by binding to an unknown site on the protein (Cary et al., 2006) . Dissociation of NO from NO-GC or change in the redox status of the heme moiety rapidly reverses NO-GC activation. A number of compounds that activate NO-GC have been developed with hopes for clinical use. Activation of NO-GC by some of these (e.g., BAY 41-2272) is dependent on the heme moiety and synergizes with effects of NO. Activation by other compounds occurs via a NO-independent, hemedependent action or a NO-and heme-independent process (e.g., BAY 58-2667) (Straub et al., 2001; Stasch et al., 2002; Schmidt et al., 2003; Egemnazarov et al., 2009; Stasch and Hobbs, 2009) .
Relaxation of vascular and gastrointestinal smooth muscle, inhibition of platelet aggregation, blunting of cardiac hypertrophy, protection against ischemia/reperfusion damage of the heart, and improvement in cognitive functions are among the myriad physiological processes that are apparently regulated by NO-induced elevation of cellular cGMP. Evidence suggests that these effects are largely mediated through activation of cGMPdependent protein kinase I (PKGI) isozymes (Hofmann, 2005; Lohmann and Walter, 2005; Lincoln et al., 2006; Mullershausen et al., 2006; Kass et al., 2007a; Hofmann et al., 2009) . cGMP-gated channels, cyclic nucleotide (cN) phosphodiesterases (PDEs), and PKGII are also important targets for cGMP actions.
NO as the "first messenger" in the NO/cGMP/PKG signaling pathway initiates a cascade of phosphorylation reactions in which the magnitude of each step is enzymatically amplified, a process that is critical for the resulting physiological effects (Fig. 1) . Even if sufficient NO is generated by endothelial and/or neuronal cells, an imbalance in the rates of cGMP synthesis and degradation, dysfunction or reduced levels of proteins mediating steps in the cGMP-signaling pathway, and other processes can impair the physiological response. In many forms of vascular disease, there is an imbalance among steps in the pathway. Low levels of NO production caused by endothelial dysfunction is a widespread medical problem that occurs in patients with metabolic syndrome, hypertension, hypercholesterolemia, diabetes, and other maladies (Celermajer et al., 1993; Musicki and Burnett, 2007; Gratzke et al., 2010) . In other instances (e.g., restenosis of blood vessels or penile priapism), levels and functions of target proteins such as PKG or PDEs are altered (Celermajer et al., 1993; Kugiyama et al., 1996; Lincoln et al., 2001; Champion et al., 2005) . A thorough understanding of the NO/cGMP/PKG signaling pathway and the characteristics and functions of proteins involved in this pathway is required for maximizing potential for innovative pharmacological interventions that could ameliorate these maladies.
B. Biological Importance of Nitric Oxide/cGMP Signaling through cGMP-dependent Protein Kinases
The cGMP/PKG signaling pathway was initially thought to be restricted in tissue distribution and physiological actions. That concept has been challenged by the many reports that document the role of this signaling pathway in diverse tissues, even in tissues in which overall levels of the signaling components are very low (Hofmann, 2005; Hofmann et al., 2009) . The biological importance of NO/cGMP/PKG signaling was first appreciated for promoting vascular smooth muscle relaxation and platelet disaggregation (Walter, 1989; Murad et al., 1992; Warner et al., 1994; Murad, 1996; Feletou et al., 2008; Walter and Gambaryan, 2009; Gratzke et al., 2010) . Effects of NO/ cGMP/PKG signaling on differentiation/proliferation of vascular smooth muscle in response to growth factors, vasoactive peptides, physical damage and other stimuli have also been clearly demonstrated. However, these effects are still poorly understood and seem to vary depending on the vessels from which the cells originate, conditions under which studies are conducted (primary cultures versus passaged cells), stage of cell differentiation, and the challenge/stimulus used (Dumitrascu et al., 2006; Lincoln et al., 2006; Bouallegue et al., 2007; Lukowski et al., 2008; Weinmeister et al., 2008; Hofmann et al., 2009 ).
Creation of eNOS-null mice (Friebe et al., 2007) , nNOS-null-mice (Huang et al., 1993) , and PKGIand PKGII-null mice (both global and tissue-specific knockouts) (Pfeifer et al., 1998; Hofmann, 2005; Hofmann et al., 2009 ) has provided a powerful set of tools for dissecting PKG functions. Results from studies with these animals in conjunction with the use of traditional pharmacological tools continue to provide insights into NO/cGMP actions. The roles of PKGI isozymes have been documented in many processes including gastrointestinal motility, blood flow, neuronal plasticity, erectile function, lower urinary tract functions, endothelial permeability, and cardiac protection Sausbier et al., 2000; Rybalkin et al., 2002; Shimizu-Albergine et al., 2003; Qin et al., 2004; Tegeder et al., 2004; Hofmann, 2005; Takimoto et al., 2005b; Fiedler et al., 2006; Agostino et al., 2007; Costa et al., 2008; Hofmann et al., 2009; Kleppisch and Feil, 2009; Salloum et al., 2009 ). Appreciation of the importance and complexity of the actions of NO/cGMP/PKGI signaling in diverse vascular tissues is driving the search for improved new therapies for systemic hypertension, cardiac failure, 528 cardiac reperfusion injury, vascular smooth muscle proliferation, atherogenesis, endothelial dysfunction, and Raynaud's disease. Renewed efforts are also afoot to identify drugs and treatment strategies that influence this signaling pathway because of the potential for pharmacological relief of malfunctions in nonvascular cell types as well Bryan et al., 2009; Egemnazarov et al., 2009; Hofmann et al., 2009; Kleppisch and Feil, 2009; Krieg et al., 2009; Lapp et al., 2009; Reaume and Sokolowski, 2009) . Effective medications that foster NO/cGMP/PKGI signaling in penile and pulmonary vascular beds have already provided the lead to major advances and hold promise for treatment of other maladies.
C. Cellular cGMP Production and Breakdown
Synthesis of cGMP in tissues is catalyzed by two classes of GCs, the NO-GC and GCs that are linked to receptors activated by peptide agonists (Wedel and Garbers, 1998; Potter et al., 2009) ; only the NO-GC will be discussed herein. NO-GC is largely cytosolic, although a portion is associated with the particulate fraction in certain cells, and it is thought to primarily, but not exclusively, generate cytosolic cGMP pools Castro et al., 2006; Piggott et al., 2006) . cGMP level in the whole cell or in specific intracellular pools is primarily determined by the balance between activities of the GCs and cN PDEs that break down cGMP (Fig. 2) . Cyclic nucleotides can be exported from cells by the action of some members of the ATP-dependent multidrug resistance transporter protein family (Jedlitschky et al., 2000 (Jedlitschky et al., , 2004 , but where this has been studied, the quantitative contribution of cN export to lower cellular cN level compared with that of PDE action is small (Barber and Butcher, 1981) . Herein, we focus on the roles of PKGI isozymes and cGMP-hydrolyzing PDEs in mediating effects of NO-induced cGMP signaling in mammalian tissues. The role of cGMP signaling initiated by activation of particulate GCs in many physiological processes is well established (Potter et al., 2009) . It is also clear that, in some instances, physiological responses due to increased synthesis of cGMP by particulate and NO-GCs intersect and/or overlap and that downstream effects may be mediated/impacted by some of the same proteins (e.g., PKGs, PDEs, and cation channels). However, consideration of actions elicited by particulate GCs is beyond the scope of this review.
II. Intracellular Mediators of Nitric
Oxide/cGMP Action Cellular proteins that are directly targeted by cGMP and participate in cGMP-signaling include PKGs, cGMP-gated cation channels, cGMP-hydrolyzing PDEs, and PDEs that contain allosteric cGMP-binding sites (Figs. 2 and 3) ; the affinities of these sites for cGMP vary and, in some instances, are modulated by phosphorylation or other modifications . The cGMP-binding sites on PKGs and cGMP-gated cation channels are homologous to the cAMP-binding site in the catabolite gene-activator protein (CAP) and those in the cAMP-dependent protein kinases (PKA) and exchange proteins activated by cAMP (EPACs), whereas the catalytic and allosteric cGMP-binding sites on PDEs are evolutionarily unrelated to either the CAP-related FIG. 2. Cellular targets of cGMP. Multiple intracellular proteins can interact with cGMP, including the cGMP-gated cation channel, PKG, allosteric sites and catalytic sites on certain PDEs, and certain multidrug transporter proteins. The level of cellular cGMP is determined largely by the balance between its synthesis by guanylyl cyclase and breakdown by PDEs, although the transporters may play a role in some cells. The different shapes of the pockets on the respective proteins indicate that the catalytic sites of PDEs (shown as half-diamonds), the allosteric sites of PDEs (shown as half-octagons) and the allosteric sites on PKG and cation channels (shown as half-circles) are structurally and evolutionarily unrelated. The affinity of the multidrug transporter for cGMP is low, and its role in exporting cGMP from the cell is minor compared with the action of PDEs.
FIG. 3.
Comparison of structures of major intracellular cGMP receptors. Images demonstrate that PKGs have two allosteric cGMP-binding sites compared with one cGMP-binding site on the subunits of the cGMPgated channels; the sites on the PKG and the channels belong to the CAP family of cN-binding sites. cGMP-hydrolyzing PDEs contain a catalytic site at which cGMP is converted to 5Ј-GMP, and some of these PDEs contain an allosteric cGMP-binding site that is located in one of the GAF subdomains found in these proteins. The term GAF is the acronym for a protein domain conserved in cGMP-binding PDEs/Anabaena adenylyl cyclases, and Escherichia coli FhlA.
PKGS AND PDES IN NO/CGMP ACTION sites or each other (Fig. 3) . Each type of site has distinct structural topography and novel interactions with cGMP that have fostered development of selective activators or inhibitors (Sekhar et al., 1992; Thomas et al., 1992; Butt et al., 1994b; Beltman et al., 1995; Wu et al., 2004; Ke and Wang, 2007; Zoraghi et al., 2007; Heikaus et al., 2008; Martinez et al., 2008; Poppe et al., 2008) . Differences in the sites have been determined from 1) amino acid sequences, 2) X-ray crystal and NMR structures, 3) site-directed mutagenesis, 4) cGMP analog specificity, and 5) kinetic characteristics, such as cGMP dissociation rates.
A. Cross-Talk among Cyclic Nucleotide Targets
Unless selectivity for cGMP versus cAMP is extremely high, there is typically some interaction of cGMP with sites that prefer cAMP and interaction of cAMP with sites that prefer cGMP (Jiang et al., 1992; Lincoln et al., 1995; Wu et al., 2004) . This heterologous binding can significantly affect physiological events that occur after elevation of either cN and should always be a consideration in interpreting results. Knowledge of the types and levels of PKAs, PKGs, and cN PDEs in a cell is critical when considering these possibilities, because NO-induced increases in cGMP may act through PKGs, PKAs, or dual-specificity PDEs (i.e., PDEs that break down both cNs). Use of a collection of pharmacological agents such as selective inhibitors or activators for these proteins is helpful in developing a more accurate picture of the pathway involved, but use of such reagents has inherent limitations (Burkhardt et al., 2000; Beavo et al., 2006; Taniguchi et al., 2006; Vandeput et al., 2009 ). In addition, variations in the NO signal, the persistence of NO-induced changes in the phosphorylation or expression of certain proteins, and the sensitivity of cells to subsequent NO challenges may vary depending on the composite of stimuli that the cell experiences as well as the particular cell type being studied. The cGMP concentration in the basal state or after NO exposure undoubtedly varies among cell types, and the pattern, time, and quantitative exposure to endogenously generated NO for a given cell also varies. As a result, cGMP in some cells may readily reach levels that would activate cAMP-signaling pathways. Vascular smooth muscle cells and platelets undergo sustained exposure to endothelially derived NO with localized bursts of NO; the degree of NO exposure can vary depending on sheer stress, oxidative exposure, and other factors. Vascular smooth muscle cells in the penile corpus cavernosum also receive extended exposure to a low level of endothelially derived NO, but the entire vasculature of the corpus cavernosum experiences sporadic tissue-wide surges of neuronally derived NO during sexual arousal (Burnett, 2006; Gratzke et al., 2010) .
1. Cross-Talk among Cyclic Nucleotide-Dependent Protein Kinases. PKG and PKA are homologous proteins and despite exhibiting 50-to 200-fold selectivity for cGMP and cAMP, respectively, each can also be activated by the other cN within physiological ranges of that nucleotide (Francis et al., 1988; Butt et al., 1992; Jiang et al., 1992; Lincoln et al., 1995; Francis and Corbin, 1999; Hofmann et al., 2009) . In all instances, phosphotransferase activity of the respective kinase is increased, and in a few instances, the biological action results at least in part from cross-activation of the "other" kinase. There are many well documented examples of this "cross-activation" in biological processes (Jiang et al., 1992; Kurjak et al., 1999; White et al., 2000; Sellak et al., 2002; Barman et al., 2003; Browner et al., 2004; Burnette and White, 2006; Wörner et al., 2007) . However, cross-activation does not seem to occur in some cells; its incidence may reflect effects of selective subcellular microdomains and compartmentation of proteins involved in these pathways (Massberg et al., 1999; Weber et al., 2007) .
2. Cross-Talk among Cyclic Nucleotide Phosphodiesterases. cGMP and cAMP compete for catalytic sites of PDEs that hydrolyze both cNs (Bender and Beavo, 2006a; Conti and Beavo, 2007) . Several reports support cross-talk between cGMP and cAMP at PDE catalytic sites (e.g., PDE3 isozymes) that have modest cN selectivity (Maurice and Haslam, 1990; Jang et al., 1993; Aizawa et al., 2003; Surapisitchat et al., 2007) . In almost all cells, basal cAMP level significantly exceeds that of cGMP. Consequently, an increase in cGMP could more effectively compete with cAMP for interaction with these sites. This would decrease breakdown of cAMP by dual-specificity PDEs, such as PDE1, PDE2, PDE3, PDE10, or PDE11, resulting in cAMP elevation and increased signaling through cAMP/PKA/EPAC-signaling pathways (Han et al., 1999; Maurice, 2005) . Several reports suggest that this occurs after modest elevation of cGMP in endothelial cells or platelets (Maurice and Haslam, 1990; Maurice, 2005; Surapisitchat et al., 2007) . In endothelial cells that contain significant amounts of PDE2 and PDE3, a modest elevation of cAMP blunts thrombin-induced permeability, and low concentrations of NO or atrial natriuretic peptide that elevate cGMP slightly potentiate this effect (Surapisitchat et al., 2007) ; cGMP seems to enhance cAMP level and cAMP signaling by competing for the PDE3 active site. However, treatments that produce a large increase in cGMP in these cells or over-expression of PDE2 counters the cAMP-mediated decrease in permeability; results suggest that the higher level of cGMP acts by binding to an allosteric site on PDE2 that activates PDE2-mediated breakdown of cAMP in these cells. Elevation of cAMP is unlikely to affect catalytic function in such cGMP-specific PDEs as PDE5, PDE6, and PDE9, which have much higher affinity for cGMP than for cAMP. cGMP also binds to an allosteric site in PDE5 and activates PDE5 catalytic function; this site in PDE5 is highly selective for cGMP, so it is unlikely that changes in cAMP would significantly affect its interaction with 530 cGMP. However, the allosteric cGMP-binding site in PDE2 is less selective and may bind cAMP in some circumstances (Thomas et al., 1990a; Wu et al., 2004; Francis et al., 2006) .
B. cGMP-Dependent Protein Kinase I
The two PKG families (PKGI and PKGII) are derived from separate genes (prkg1 and prkg2). Only the PKGI family is discussed herein because its members are more commonly involved when cGMP signaling is mediated by NO. In some instances, however, PKGI isoenzymes can mediate the effects of cGMP elevation produced by particulate GCs. PKGI isozymes (PKGI␣ and PKGI␤) are products of alternative splicing and differ only in the N-terminal ϳ100 amino acids (Wernet et al., 1989; Francis and Corbin, 1999; Hofmann, 2005) . Both bind two cGMP molecules per monomer and have similar preferences (k cat and K m ) for phosphorylation of synthetic peptide substrates, although there are important differences with certain protein substrates as described below (Surks et al., 1999; Tang et al., 2003; Schlossmann and Desch, 2009 ). PKGI␣ and PKGI␤ are commonly coexpressed in varying proportions (Eigenthaler et al., 1992; Sekhar et al., 1992; Geiselhöringer et al., 2004; Hofmann, 2005) . In hypotonic lysates of many cells, both isozymes are abundant in the cytosol. However, in platelets, PKGI␤ predominates and is almost entirely membrane-bound (Eigenthaler et al., 1992) ; it is now clear that PKGI isozymes can segregate into specific compartments in numerous cell types, but the mechanisms providing for these localizations are not fully understood. The sequence of the divergent ϳ100 N-terminal amino acids of PKGI␣ and PKGI␤ affect 1) cGMP affinity, 2) cN analog selectivity, 3) protein-substrate specificity, 4) state of activation, and 5) subcellular localization (Wolfe et al., 1989b; Sekhar et al., 1992; Ruth et al., 1997; Surks et al., 1999; Ammendola et al., 2001; Richie-Jannetta et al., 2003; Tang et al., 2003; .
1. Interaction with cGMP. cGMP binds to allosteric sites in the PKG regulatory domain and increases phosphotransferase activity 3-to 10-fold (Lincoln et al., 1977; Wolfe et al., 1989a; Francis and Corbin, 1999; Hofmann et al., 2009; Schlossmann and Desch, 2009) . Unlike PKA isozymes, the more N-terminal cN-binding site in PKGI isozymes has higher affinity for cGMP than does the more C-terminal site (Reed et al., 1996 . PKGI isozymes are found in particular subcellular membrane fractions, in complex with certain cytosolic proteins, and as free cytosolic proteins; they are also reported to reversibly translocate among cellular compartments after changes in cGMP level (Pryzwansky et al., 1990 (Pryzwansky et al., , 1995 Cornwell et al., 1991; Wyatt et al., 1991; Surks et al., 1999; Yuasa et al., , 2000b Geiselhöringer et al., 2004; Fiedler et al., 2006; Antl et al., 2007; Stout et al., 2007; Zhang et al., 2007a; Casteel et al., 2008; Sharma et al., 2008; Wilson et al., 2008; Takimoto et al., 2009) . The current consensus is that cGMP concentration may vary substantially in different cellular compartments as a result of a variety of factors (e.g., selective localization of the proteins that provide for cGMP synthesis, breakdown, or extrusion) that confine certain pools of cGMP to particular areas of the cell. Activation of the respective PKGs located within those microdomains is predicted to vary accordingly Fischmeister et al., 2006; Piggott et al., 2006; Takimoto et al., 2007) . Moreover, the extent of cGMP elevation or PKGI activation that is required to elicit a cellular response is still not known.
Despite having allosteric cGMP-binding sites that are identical in amino acid sequence, PKGI␣ affinity for cGMP (K d ϳ0.1 M) is ϳ10-fold greater than that of PKGI␤ (K d ϳ 0.5-1.0 M), and cN analog specificities differ substantially (Wolfe et al., 1989a; Sekhar et al., 1992; Poppe et al., 2008) . Some cN analogs (e.g., 1,N 2 -phenyletheno-cGMP) are more potent PKGI activators than cGMP, and others, (e.g., 8-bromo-␤-phenyl-1,N 2 -ethenoguanosine-3Ј,5Ј-cyclic monophosphorothioate, Rp-isomer) bind to the allosteric site but only partially activate catalysis; the latter compound is commonly used as a PKGI inhibitor because it blocks access of the more effective activator, cGMP, to the binding sites (Sekhar et al., 1992; Butt et al., 1994b; Taylor et al., 2004; Poppe et al., 2008; Valtcheva et al., 2009) . Cyclic nucleotide analogs have proved to be highly useful tools in investigating biological effects mediated by PKAs, EPACs, or PKGs; the analogs freely traverse the cell membrane to directly act on the target proteins, thereby circumventing involvement of proteins that generate the signaling molecule, factors involved in delivery of the signal to the target cell, specific membrane receptors, or the adenylyl or guanylyl cyclases that produce the cNs (Beebe et al., 1988a,b; Francis et al., 1988; Christensen et al., 2003; Dao et al., 2006; Poppe et al., 2008) . The pattern of potencies with which a collection of cN analogs elicits a biological response is a powerful indicator of the intracellular receptor that mediates the effect. Several analogs that strongly select for PKGI␣ over PKGI␤ have been reported, but analogs that are adequately selective for PKGI␤ have not been found (Sekhar et al., 1992) . Some cN analogs that potently activate PKGs are resistant to hydrolysis by PDEs and, in many cases, act as potent inhibitors of particular PDEs. The potential for development of drugs based on the dual action of these types of analogs is well worth consideration, because they would act at two steps in the pathway to synergistically increase signaling.
The striking difference in affinities of PKGI␣ and PKGI␤ for cGMP may have implications for distinct physiological roles of these enzymes, but selective actions based on this difference have not been convincingly demonstrated (Weber et al., 2007) . It cannot be ruled out that the difference in affinity for cGMP of the isozymes measured in vitro is due to a missing cellular factor that modulates the affinities in vivo. If PKGS AND PDES IN NO/CGMP ACTION this difference in affinity for cGMP exists in cells, this could provide for a progressive increase in PKGI catalytic activity over a broad range of cGMP concentration. Such a continuous increase in PKGI-mediated phosphotransferase activity could potentially target different substrates with PKGI␣ phosphorylating substrates at lower level of cGMP and PKGI␤ phosphorylating others at higher level of cGMP. Under basal conditions in which cGMP is low or after a slight increase in cGMP synthesis, the greater affinity of PKGI␣ for cGMP could provide for sufficient activation of this isozyme to modulate certain functions without incurring significant activation of PKGI␤. Phosphorylation of some substrates is apparently restricted to PKGI␤ action [e.g., the inositol 1,4,5-trisphosphate (IP 3 ) receptor-associated PKG substrate (IRAG) (Ammendola et al., 2001; Schlossmann and Desch, 2009 ) and the multifunctional transcriptional regulator (TFII-I) (Casteel et al., 2005 ) (see section II.D)]. Assuming that the PKGI affinities determined in vitro reflect those in the intact cell, it would be predicted that in the absence of compartmentation, these PKGI␤-mediated phosphorylations would occur only at relatively high cGMP levels and after complete activation of PKGI␣. A broad range of PKG sensitivity to cGMP is supported by studies of PKG function in cerebral arteries using DT-2, a specific PKG peptide inhibitor (Dostmann et al., 2000; Taylor et al., 2004) . Even in the absence of agents to increase cGMP, DT-2 treatment increases basal tone consistent with blockage of a low level of PKG activity. At the cGMP level found in arteries under basal conditions (ϳ0.1 M), only significant activation of PKGI␣, not of PKGI␤, would be predicted (Francis et al., 1988; Wolfe et al., 1989a) . Likewise, basal PKGI␣ activity has been suggested to blunt the rise in intracellular calcium in response to thrombin receptor stimulation (Christensen and Mendelsohn, 2006) .
2. Structural Features. PKGI monomers contain a regulatory domain that is located in the more N-terminal portion of the protein and a catalytic domain that is located in the more C-terminal portion; each contains multiple subdomains that provide for specific functions (Lincoln et al., 1977; Monken and Gill, 1980; Takio et al., 1984; Wernet et al., 1989; Wolfe et al., 1989a; Hofmann, 2005; Hofmann et al., 2009 ). In the regulatory domain, these include the following: 1) a dimerization and localization subdomain provided by an extended leucine zipper motif, 2) overlapping autoinhibitory and autophosphorylation subdomains, and 3) a cGMP-binding subdomain containing two homologous cGMP-binding sites arranged in tandem. In the catalytic domain, there are two major subdomains: 1) a subdomain that binds Mg 2ϩ /ATP and 2) a protein substratebinding subdomain (Fig. 4) .
The respective leucine/isoleucine zipper motif at the N terminus of each PKGI monomer provides for highaffinity homodimerization (Richie-Jannetta et al., Sharma et al., 2008) , selective interaction with particular proteins, and subcellular localization in some instances (Gudi et al., 1997; Surks et al., 1999; Yuasa et al., 1999; Schröder et al., 2003; Fiedler et al., 2006; Antl et al., 2007; Zhang et al., 2007a; Casteel et al., 2008; Sharma et al., 2008; Wilson et al., 2008) . Features provided by the leucine/ isoleucine zipper and other residues in the N-terminal subdomain also improve affinity for cGMP binding and influence cGMP-analog specificity (Wolfe et al., 1989b; Ruth et al., 1991 Ruth et al., , 1997 Richie-Jannetta et al., 2003) . In PKGI␣, the leucine/isoleucine zipper involves five heptad repeats that are stabilized by hydrophobic residues and an extensive network of hydrogen bonds (Sharma et al., 2008) . The leucine/ isoleucine zipper in PKGI␤ incudes eight heptad repeats; all eight repeats are involved in dimerization, but six repeats are adequate to mediate dimerization in vitro . Although the respective leucine/isoleucine zippers provide for homodimerization and affect PKGI affinity for cGMP, the residues/structures that provide for these processes and those that create motifs that selectively target PKGI␣ and PKGI␤ to particular proteins or subcellular compartments differ.
In some instances, the unique chemical signatures on the faces of the respective leucine zippers of PKGI isozymes provide for interaction with cGMP-dependent protein kinase-interacting proteins (GKIPs) that can localize PKG to certain regions of the cell and that may also be PKG substrates (Fig. 4) . The GKIP acronym is employed because PKGI-interacting proteins are not always anchors in the context of permanently FIG. 4 . Working model of PKGI. PKGI isozymes are homodimers that are dimerized by an extended leucine zipper region (ZZZZZ). Unique faces of the zipper regions that provide for selective homodimerization of PKGI␣ and PKGI␤ and their selective interaction with specific cellular proteins are indicated by the combined asterisks and plus symbols ‫ء(‬ ϩ ‫ء‬ ϩ). Multiple sites of autophosphorylation are indicated by encircled P and multiple autoinhibitory contacts are indicated by dashed lines (-----). The cGMP-binding sites are homologous, but the more aminoterminal site has higher affinity for cGMP, indicated by the heavy dark semicircle.
532 tethering PKG to a subcellular domain. Characteristics of GKIPs differ significantly from those of the well studied anchoring proteins for PKA (AKAPs) (Gold et al., 2006; Carnegie et al., 2008; Carnegie et al., 2009) , and the two groups of proteins do not appear to be entirely parallel in function. Almost all known GKIPs are PKGI substrates, and unlike in AKAPs, common motifs in GKIPs or their PKG partners that provide for interaction have not been convincingly defined. Moreover, in some instances, association of a PKGI with a GKIP requires activation by cGMP and perhaps translocation, features that are also unlike the dynamics involved in many PKA and AKAP interactions. The requirement for cGMP activation of PKGI in certain instances suggests that the GKIP-interactive face of the respective leucine zippers in PKGs is either sequestered in the inactive state or undergoes a conformational change induced by enzyme activation; alternatively, cGMP binding could expose a new interface (other than the leucine zipper) on PKG that then binds to particular GKIPs (Surks et al., 1999; Ammendola et al., 2001; Casteel et al., 2005; Fiedler et al., 2006; Zhang et al., 2007a; Sharma et al., 2008) . Reversal of these cGMP-dependent interactions would require a decline in cGMP, cGMP dissociation from the PKG, and reversal of the purported conformational change. The list of GKIPs continues to grow, and PKGI substrate GKIPs are listed in Table 1 ; they include the myosinbinding subunit of myosin light-chain phosphatase (Surks et al., 1999) , TFII-I (Casteel et al., 2005) , IRAG (Ammendola et al., 2001; Schlossmann and Desch, 2009 ), phosphodiesterase-5 (Thomas et al., 1990b) , vimentin Pryzwansky et al., 1995) , troponin , the regulator of G-protein signaling-2 (RGS2) Osei-Owusu et al., 2007) , formin homology domain protein-1 , and cysteine-rich protein 2 Zhang et al., 2007a) .
3. Autoinhibition and Activation. In the absence of cGMP, PKG activity is suppressed by autoinhibitory contacts. Monomeric forms of PKGI generated by Nterminal truncation contain their autoinhibitory sequences and, in the absence of cGMP, exhibit low catalytic activity like that in full-length dimeric PKGs (Wolfe et al., 1989b) . Catalytic site residues directly contact an autoinhibitory subdomain that is located ϳ50 to 75 residues from the N terminus . This subdomain includes an amino acid sequence that mimics a PKG phosphorylation site, although it lacks a phosphorylatable residue and is known as a pseudosubstrate sequence; the sequences in PKGI␣ and PKGI␤ are 59 TRQAIS 63 and 74 KRQAIS 78 , respectively [pseudosubstrate sequences are underlined with the phosphorylation site position (P 0 for a typical substrate) in bold]. Studies with synthetic peptides suggest that the "ideal" sequence for a PKGI phosphorylation site is (R/K 2-3 )(X/K)(S/T)X (Lincoln et al., 1976; Glass and Krebs, 1979; Tegge et al., 1995) . Basic residues at second and third positions N-terminal (P Ϫ2 and P Ϫ3 , respectively) to the phosphorylated residue (P 0 ) improve peptide substrate affinity for PKGI (Glass and Krebs, 1982; Tegge et al., 1995; Dostmann et al., 1999) . Serine is the preferred phospho-acceptor. The pseudosubstrate site in PKGI␣ has a basic residue only at P Ϫ2 and is not an "ideal" substrate-like sequence. Several residues located within and near to the pseudosubstrate sequences also contribute to autoinhibition, including Ser-64 in PKGI␣ and Ser-79, Arg-75, and Ile-78 in PKGI␤ (Francis et al., 1996; Collins and Uhler, 1999; Yuasa et al., 2000a; Busch et al., 2002) . Deletion of the pseudosubstrate sequence does not fully activate PKGIs, indicating that regions C-terminal to the pseudosubstrate site contribute to maintaining the inactive state.
PKGI activation involves cGMP binding to both allosteric sites and is associated with a marked molecular elongation (ϳ27%) (Zhao et al., 1997; Wall et al., 2003; Alverdi et al., 2008) . The affinities of the two allosteric cGMP-binding sites on each subunit of PKGI␣ differ by ϳ10-fold, and cGMP-mediated activation exhibits strong positive cooperativity. In PKGI␣, occupation of the N-terminal site produces partial activation (Corbin and Døskeland, 1983; . The effect of the interaction of PKGI with GKIPs on PKGI cGMP-binding affinity and activation has not been explored, but it seems plausible that there could be important influences. Where cGMP activation of PKG is required for association with GKIPs, the principle of reciprocity would predict that the GKIP would in turn enhance cGMP-binding affinity (Weber, 1975) . Such an effect could increase cGMP-binding affinity of PKGI␤ to within a range of responsiveness more in line with cGMP levels that are thought to exist in most cells. Similar effects could also affect PKGI␣ sensitivity to cGMP. These possibilities should be studied to develop a more accurate picture of the action of these cGMP targets in their physiological settings.
Several reports indicate that oxidative processes could provide a NO/cGMP-independent mechanism for PKGI␣ activation. Reactive oxygen species have been implicated in down-regulation of PKGI in vascular smooth muscle . Landgraf et al. (1991) reported that PKGI␣ is reversibly activated and rendered largely cGMP-independent by metal ionmediated oxidation; this treatment catalyzes formation of two intermonomer disulfide cross-links involving 1) Cys-117 and Cys-195 and 2) Cys-312 and Cys-518. The authors conclude that one or both cross-links are involved in decreasing cGMP-dependence of PKGI␣, although the maximum catalytic rate of the oxidized enzyme is similar to that of cGMP-activated PKG; the relevance of this effect for PKGI regulation in intact cells is questionable. More recently, Burgoyne et al. (2007) No detected effect in GTPase activity Schultess et al., 2005 continued 534 monomers increases affinity for the peptide substrate (RKRSRAE), does not significantly increase catalytic rate, and promotes PKGI␣ redistribution to the microsomal fraction. This activation profile is in contrast to the classic cGMP-mediated activation that increases catalytic rate with little effect on affinity for substrates. The authors of this study suggest that endothelially derived oxidants such as hydrogen peroxide or superoxide anions may act physiologically to increase PKG-mediated vasorelaxation that is independent of NO/cGMP. The Cys-42 cross-link between PKGI␣ monomers was first reported in purified native bovine lung PKGI␣ 30 years ago (Monken and Gill, 1980) . The purified PKGI preparations that these investigators used typically have a strong dependence on cGMP for activation. The physiological and pathophysiological impact of oxidant-mediated regulation of PKG activity compared with that of the NO/cGMP system is not yet clear. Short-term and long-term effects of oxidants applied to whole cells on cGMP/ PKG signaling must also consider effects on NO-synthases, NO-GC, cGMP-hydrolyzing PDEs, cGMP-regulated channels, contractile proteins, GKIPs, etc. Mechanisms for reversal of these changes under physiological conditions must also be taken into consideration if this is a readily dynamic process.
4.
Autophosphorylation. PKGI␣ and PKGI␤ undergo autophosphorylation at multiple sites in the divergent N-terminal region (Fig. 4) (Lincoln et al., 1978; Aitken et al., 1984; Hofmann et al., 1985; Smith et al., 1996; Busch et al., 2002) . Most of the sites do not closely resemble canonical PKG phosphorylation site sequences. Autophosphorylation of certain sites increases cGMP-binding affinity and basal phosphotransferase activity, but the roles of modifications at other sites are unknown. Autophosphorylation in vitro is typically slow, occurs by an intrasubunit process, and is increased by cGMP or cAMP Busch et al., 2002; . PKG autophosphorylation is implicated in both a "feed-forward" effect on cGMP signaling and a negative feedback effect. The autophosphorylation-induced increase in cGMP affinity increases PKG activation by low cGMP acutely and perhaps prolongs signaling. Autophosphorylation of PKGI␣ Ser-64 partially activates catalysis and enhances affinity for cGMP but also promotes PKGI␣ degradation by the ubiquitin/26S proteosomal pathway (Dey et al., 2009) ; the latter effect would act chronically as a negative feedback regulation.
Little is known about the rate and extent of PKGI autophosphorylation in vivo or conditions that favor these modifications. Consequently, prediction of the absolute affinities and functions of PKGI isozymes in (Hofmann et al., 2009) . c Established PKGI substrates (Hofmann et al., 2009 ).
intact cells is difficult because they may exist in various states of autophosphorylation, in different compartments where cGMP levels may vary, and in association with other proteins that may alter activation status and affinity for cGMP. The time course required for significant autophosphorylation of PKGI isozymes in cells or whether stoichiometric phosphorylation is achieved at particular sites is not known. PKG autophosphorylation sites are located close to the N-terminal leucine zipper, and it is possible that introduction of phosphates in this region could influence colocalization of PKGI with other proteins, including substrates. PKGI␣ is efficiently dephosphorylated by phosphoprotein phosphatase-1 in vitro, but the phosphatase(s) responsible for dephosphorylation in intact cells have not been defined (Chu et al., 1997; . Improved quantification of PKGIs in tissues and characterization of PKGI autophosphorylation status, biochemical characteristics under various conditions, and susceptibility to degradation are needed for developing fuller understanding of the physiological functions of cGMP signaling through PKGI and changes that may be evoked under various pharmacological regimens, such as prolonged treatment with nitrovasodilators or PDE inhibitors.
C. Substrates for cGMP-Dependent Protein Kinase I Isozymes
The PKA type I regulatory subunit (Geahlen and Krebs, 1980) , PKGI␣ regulatory domain (Glass and Smith, 1983; Aitken et al., 1984) , PDE5 (Thomas et al., 1990b) , G-substrate in cerebellum (Aitken et al., 1981) , vimentin , and the ryanodine receptor (Takasago et al., 1991) were among the first proteins found to be PKG substrates. Many more protein substrates have been identified recently by in vitro peptide studies, in vitro 32 P-labeling, or heterologous expression system analysis (Table 1) , but only a fraction of these have been confirmed to be PKG substrates in vivo. NOmediated elevation in cGMP for activation of PKGI and phosphorylation of many of these is implicated in regulation of functions in neurons or smooth muscle cells, but the spectrum of PKGI actions in diverse tissues continues to expand.
1. cGMP-Dependent Protein Kinase I Phosphorylation Sites in Intact Proteins. Identification of potential PKGI phosphorylation sites by analyzing the amino acid sequence of a protein is highly problematic. The primary sequence around a PKG phosphorylation site frequently lacks the complete characteristics of a PKGI "consensus" phosphorylation sequence or, when it has a full consensus sequence, it may be described as a PKA phosphorylation site. There are well documented cases in which either kinase can readily phosphorylate a particular site. A majority of known PKG substrates (identified either in vitro or confirmed in vivo) have basic residues at P Ϫ3 and P Ϫ2 ( Table 2) . Fifteen of the proteins contain a total of 20 phosphorylation sites that have Arg at both P Ϫ3 and P
Ϫ2
, which is the preferred sequence for PKA substrates. However, 22 sites located in 16 of the substrate proteins shown in Table 2 contain an Arg at P Ϫ3 and a Lys at P Ϫ2 , which suggests that either sequence in proteins is favorable for PKG phosphorylation in vivo. Fourteen substrates have phosphorylation sequences with a basic residue at only one of the P Ϫ3 or P Ϫ2 positions [e.g., the phosphorylation sites on IRAG (isoform A), the myosin-binding subunit, and RGS4)]. Some phosphorylation sites lack a basic residue at both P Ϫ3 or P
; these include the site (Thr-276) in the serotonin transporter (SERT); PKGI␣ autophosphorylation sites (Ser-1, Ser-50, Ser-64, Ser-72), one PKGI␤ autophosphorylation site (Ser-79), and type I regulatory subunit of PKA (Geahlen and Krebs, 1980; Aitken et al., 1984; Smith et al., 1996; Ramamoorthy et al., 2007; Zhang et al., 2007b) . For PKGI autophosphorylation, proximity of the catalytic site may foster autophosphorylation at unusual sites. Likewise, PKGI colocalization with some proteins could foster heterophosphorylation at nonconsensus sequences simply as a result of increased proximity.
PKGI-mediated phosphorylation at consensus phosphorylation sequences can be enhanced by interactions outside the phosphorylation site. Phosphorylation of bovine PDE5 at Ser-92 in the canonical PKG phosphorylation site ( 89 RKISASE 93 ) occurs with ϳ25-fold higher affinity than that for phosphorylation of the synthetic heptapeptide containing that sequence (Liu et al., 2002) , thus emphasizing the importance of additional contacts for PKGI/PDE5 interaction. In addition, the apparent requirement for physical colocalization of PKG with some substrates for phosphorylation to occur even at consensus phosphorylation sequences may also support the importance of contacts outside the phosphorylation site (Gudi et al., 1997; Surks et al., 1999; Casteel et al., 2008; Steiner et al., 2009) . This is discussed in greater detail in section II.D.
Potential Problems with Prediction of cGMP-Dependent Protein Kinase I Phosphorylation Sites.
A protein may be phosphorylated by PKGI in vitro, but not in vivo, as seems to occur with the voltage-dependent Cav1.2 L-type Ca 2ϩ channel ␣1C subunit (Yang et al., 2007) and LIM and SH3 domain protein (LASP-1) (Keicher et al., 2004) . This could be due to inaccessibility of a particular site in vivo as a result of different compartmentation of the protein and PKG, association of the protein in question with proteins that block the phosphorylation site, conformational differences between the purified protein substrate and that in the cell, and myriad other processes. Conversely, proteins that seem to be PKG substrates in intact cells may not be phosphorylated by PKG in vitro because PKG may effect the phosphorylation in intact cells by phosphorylating another kinase that actually carries out the phosphorylation reaction (i.e., acting as a "kinase ki-536 (Butt et al., 1994a; Rodríguez-Pascual et al., 1999; Schultess et al., 2005; Lincoln et al., 2006) . Furthermore, a PKGI phosphorylation site in one species may be absent in another; PKGI phosphorylates Thr-156 in mouse LASP-1 (Keicher et al., 2004) , but a Leu occupies this position in human LASP-1. Wyatt et al., 1991; Pryzwansky et al., 1995 N.D., not determined or not identified. a PKGI substrates identified in heterologous systems (Hofmann et al., 2009) . b Established PKGI substrates (Hofmann et al., 2009 ).
538

D. Requirement for Selective Role of cGMP-dependent Protein Kinase I Isozymes and Subcellular Targeting for Phosphorylation of Substrates
The shared specifications for consensus sequence in phosphorylation of synthetic peptides by PKGI isozymes suggests that either could phosphorylate a target protein in intact cells, but this is now a controversial concept (Wolfe et al., 1989a; Casteel et al., 2005; Christensen and Mendelsohn, 2006; Weber et al., 2007) . A number of compelling studies have shown that a specific PKGI or specific localization of PKGI␣ or PKGI␤ is required for phosphorylation of certain substrates and associated physiological effects (Surks et al., 1999; Yuasa et al., 1999; Feil et al., 2002; Schröder et al., 2003; Christensen and Mendelsohn, 2006; Fiedler et al., 2006; Zhang et al., 2007a; Casteel et al., 2008; Sharma et al., 2008; Wilson et al., 2008; Steiner et al., 2009) . In contrast to the diverse family of AKAPs that accounts for localization of PKA near many of its substrates, a similarly diverse family of PKGI anchoring proteins has not been identified. Where the requirements for PKGI localization have been studied in detail, the characteristics of the respective N-terminal leucine zippers seem to dictate selective targeting of PKGI␣ or PKGI␤. For example, selective interaction of PKGI␣, but not PKGI␤, with SERT in certain neuronal cells suggests involvement of the PKGI␣ leucine zipper, but this has not been experimentally documented (Steiner et al., 2009) . Other contacts may contribute to selective PKGI targeting, and in some instances either PKGI isozyme can dock with a protein, which implies interaction involving features that are common to both PKGs (Zhang et al., 2007a) .
Insight into the selectivity of interactions between PKGs and proteins to which they are targeted provides the potential for development of peptides that could disrupt these interfaces; this could significantly advance studies of PKGI action or lead to development of a new class of drugs. In some instances, specific interactions or PKGI translocation increases when PKGI is activated by cGMP. This suggests that previously unexposed regions of PKG, including changes in the leucine zipper region, account for PKGI localization with target proteins (Chu et al., 1997; Wall et al., 2003; Alverdi et al., 2008) . Whether post-transcriptional modifications of the target protein or PKG (e.g., phosphorylation, nitrosylation, or cross-linking of cysteines) alter the contacts that contribute to these unique interactions and whether interaction in all cases is restricted to the PKGI leucine zippers are not known.
Colocalization of cGMP-Dependent Protein Kinase I␣ with Substrates and Heterophosphorylation of Substrates.
Residues on the leucine zipper face of the PKGI␣ dimer selectively form multiple contacts with residues on the face of the coiled-coiled and/or leucine zipper region of the dimerized myosin-binding subunit of myosin light chain phosphatase to form a heterotetramer that is tightly associated (Lee et al., 2007; Sharma et al., 2008) . This interaction is purportedly required for PKG phosphorylation of the myosin-binding subunit and activation of myosin light chain phosphatase (Surks et al., 1999) . The leucine zipper of PKGI␣ also mediates binding to RGS2, resulting in phosphorylation and activation of this protein Sun et al., 2005; Osei-Owusu et al., 2007) . Phosphorylation of RGS2 increases its association with the plasma membrane, where it increases the GTPase activity of G q ␣, thereby interfering with and decreasing signaling by G q -coupled receptors. Increased cellular cGMP and PKG activation promotes phosphorylation of SERT, and phosphorylation of Thr-276, in particular, is associated with increased activity of SERT to 5-hydroxytryptamine. It is not known whether phosphorylation of SERT is directly mediated by PKG or involves its action on another kinase, such as the p38-mitogen-activated protein kinase, and whether the effect involves an intermediary protein (Zhu et al., 2004; Ramamoorthy et al., 2007; Steiner et al., 2009) . Substrates. Casteel et al. (2005) have used site-directed mutagenesis combined with secondary structure predictions and direct binding studies to identify a motif that provides for PKGI␤-specific localization with and phosphorylation of two substrates, TFII-I and IRAG. One of the predicted surfaces of the PKGI␤ leucine zipper ␣-helix displays negatively charged amino acids (Asp and Glu) that have been proposed to interact with a cluster of positively charged residues (Lys and Arg) in the regions of TFII-I or IRAG that bind PKGI␤ (Ammendola et al., 2001; Casteel et al., 2005) . Mutation of several of the negatively charged residues on PKGI␤ to positively charged residues found at homologous positions in PKGI␣ has no effect on PKGI␤ dimerization but disrupts interactions with TFII-I and IRAG (Casteel et al., 2005) . Likewise, mutations of several positively charged residues in the segments of TFII-I or IRAG that are required for interaction with PKGI␤ disrupt interaction with PKGI␤. Despite similarities in the motifs for formation of complexes between PKGI␤ and either TFII-I or IRAG, there are clear differences; a single mutation (E27K) eliminates interaction of PKGI␤ and TFII-I but has no measurable effect on that with IRAG (Casteel et al., 2005) . These differences highlight subtleties in the interaction of PKGs with target proteins and potentially provide a basis for a spectrum of selective physiological effects mediated by PKGI isozymes.
Colocalization of cGMP-Dependent Protein Kinase I␤ with Substrates and Heterophosphorylation of
In studies of PKGI␤ function and localization in vascular smooth muscle cells that lack IRAG, the intracellular localization of PKGI␤ is similar to that found in wild-type controls (Desch et al., 2010) . This suggests that interactions with other proteins contribute to its subcellular distribution. However, in support of the im-PKGS AND PDES IN NO/CGMP ACTION portance of PKGI␤ localization to its function, in cells that either lack IRAG or express a mutant IRAG that still binds PKGI␤ but no longer interacts with the IP 3 R1, the NO/cGMP-dependent inhibition of calcium transients is impaired (Geiselhöringer et al., 2004; Desch et al., 2010) . This is presumably due to displacement of PKGI␤ from the macromolecular complex involving IRAG and IP 3 R1.
The requirement or advantage for colocalization of PKGI isozymes with certain substrates could be due to a number of factors (Koller et al., 2003) . Proximity of PKGI to the target residue could increase efficiency of phosphate transfer, as has been suggested for autophosphorylation events described in section II.C.1. Colocalization increases the concentration of the kinase and its substrate in that locale, which would increase the rate of phosphorylation assuming that the substrate concentration in the unbound state is below that required to achieve V max . Alternatively, interaction of the target protein with PKGI could elicit a conformational change that uncovers or approximates the phosphorylatable residue. Selective localization of PKGI proteins with substrates in distinct microcompartments of cells and differential control of cGMP levels may allow particular PKGI populations in cells to respond differently to a range of changes in cGMP.
Regulation of cGMP-Dependent Protein Kinase I Colocalization with Substrates; Translocation among Cellular Compartments.
Interactions between GKIPs and PKGI isozymes are frequently stable, but some are transient and altered by cGMP activation of PKGI Wang et al., 2004) . In some instances, PKGI isozymes reversibly relocate in response to changes in cGMP and can thus phosphorylate protein substrate(s) at the new location Pryzwansky et al., 1995; Fiedler et al., 2006; Casteel et al., 2008) . Molecular mechanisms that provide for these transient PKG targeting events are not known. A cGMPinduced exposure of a site(s) on PKG could either work independently or in combination with contacts provided by the leucine zipper to foster the localization. A nuclear translocation signal ( 404 KIIRKKHI 411 ) in the ATP-binding subdomain is exposed upon cGMP activation and mediates nuclear translocation of PKGI isozymes, which occurs in some cells (Gudi et al., 1997; Pilz and Broderick, 2005) . PKG exit from the nucleus is slow, and it is not known if nuclear GKIPs bind the activated PKG, thereby preserving nuclear localization, or how reversal of this translocation is regulated.
The distribution of PKGI isozymes among microdomains within a cell is undoubtedly influenced by GKIPs that either selectively or nonselectively complex with PKGI␣ or PKGI␤. Nuclear translocation of PKGI␤ is restrained by its high-affinity interaction with IRAG, which is tightly associated with the endoplasmic reticulum (Casteel et al., 2008; Haas et al., 2009 ). The impact of GKIPs such as IRAG could be influenced by 1) the relative abundance of GKIPs and PKGs, 2) the affinities of the GKIPs for the PKGIs, 3) changes in those affinities as a result of post-translational modifications, or 4) the cellular environment. The effect of NO to modify proteins by nitrosylation or nitration is well established, and the NO/cGMP/PKG pathway is influenced by kinases and phosphatases involved in other pathways (Antl et al., 2007; Costa et al., 2008; Das et al., 2009; Koitabashi et al., 2010) . Consequently, it is entirely plausible that a number of events could alter characteristics of proteins (e.g., GKIPs, PDEs, cGMP-gated channels, and substrates) involved in the NO/cGMP/PKG pathway along with changes evoked by PKG activation. These possibilities add substantially to the potential complexity of the cellular response to a NO signal.
4. Caveats to the Role of cGMP-Dependent Protein Kinase I Colocalization with Substrates. Despite the findings cited above in sections II.D.1 and II.D.2, the functional consequences of selective colocalization of PKGI isozymes with particular substrates in intact tissues are still not well clarified. Weber et al. (2007) reported that reconstitution of either PKGI␣ or PKGI␤ in vascular smooth muscle and gastrointestinal smooth muscle of PKGI knockout mice [PKG(Ϫ/Ϫ)] rescues basic smooth muscle functions in these animals; the expression level of the PKGI proteins compares well with PKGI levels in wild-type controls, and restored functions include intestinal motility, relaxation of both vascular and gastrointestinal smooth muscle, and cGMP-dependent inhibition of calcium transients. Although systemic blood pressure in PKG(Ϫ/Ϫ) mice is elevated, that in mice expressing either PKGI is similar to that of wildtype control mice. The discordance between reports such as this one and others that suggest strict specificity between a PKGI isozyme and its substrate is difficult to reconcile. At the outset, it suggests that PKG substrate selectivity in the intact animal may be less rigorously controlled than in isolated cultured cells. However, given the complexity of mechanisms associated with PKGI function and the diverse cell types that use NO/cGMP/PKGI signaling, there are likely to be contributing factors, of which we are currently unaware, that will allow better understanding of these differences. On the surface, the apparent lack of PKGI isozyme specificity seems to seriously compromise potential benefits of medications that might target one or the other PKGI or its anchoring. Nevertheless, in cells in which one isozyme vastly predominates, as occurs in human platelets (PKGI␤ PKGI␣) or the pulmonary vasculature (PKGI␣ PKGI␤) (Lincoln et al., 1977; Eigenthaler et al., 1992; Francis and Corbin, 1994) , peptidomimetics that pharmacologically interfere with the association of that PKGI with target proteins could eventually prove to be useful.
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III. Major Modes of cGMP-Dependent Protein Kinase I Action in Response to Nitric Oxide-Mediated Increases in cGMP
A number of mechanisms for NO/cGMP/PKGI-signaling action in both smooth muscle and other cells have been determined. However, understanding of the full impact of NO/cGMP/PKGI signaling in most cells is rudimentary. It is clear that functions of this pathway are integrally intertwined with many other signaling pathways, and the influence of these other pathways will almost assuredly differ to some extent among cell types. Full treatment of these topics is beyond the scope of this review. Moreover, NO/cGMP/ PKGI effects may differ substantially among cells within an intact tissue or in the same cells prepared as primary cultures or multiply passaged cells in culture (Lincoln et al., 2006; Weinmeister et al., 2008) . Described sections III.A-III.G is a modest compilation of mechanisms that have been shown to involve input from the NO/cGMP/PKGI pathway, and the number and complexity of these continue to expand.
Major mechanisms that have been established for NO/cGMP/PKGI action in smooth muscle include decreasing contractile tone by concomitantly lowering intracellular calcium and desensitizing proteins to the effects of calcium; this signaling pathway also powerfully influences smooth muscle cell phenotype by regulation of gene expression. The contractile state of smooth muscle is largely determined by the state of phosphorylation and activity of the myosin light chain; phosphorylation of the myosin light chain at Ser-19 is mediated by the myosin light-chain kinase and leads to increased myosin ATPase activity and muscle contraction (Kamm and Stull, 1985; Somlyo and Somlyo, 2003; Ding et al., 2009) . Myosin light-chain phosphatase reverses this by catalyzing the dephosphorylation of the myosin light chain. The balance between the kinase and phosphatase activities is a critical determinant in the contractile status of smooth muscle, and the functions of both are affected by NO/PKG/cGMP signaling (Wu et al., 1996; Lee et al., 1997; Somlyo and Somlyo, 2003; Hofmann, 2005; Berridge, 2008; Mizuno et al., 2008) . Upon elevation of intracellular calcium and increased formation of the calcium/calmodulin complex, myosin light-chain kinase binds calcium/calmodulin and is activated. When calcium is lowered as a result of increased intracellular sequestration and/or extrusion, the kinase and the myosin light chain are less active, thereby favoring smooth muscle relaxation. Moreover, in smooth muscle cells containing members of the calcium/calmodulin-activated PDE1 family, which hydrolyzes both cGMP and cAMP, an increase in cellular calcium would promote lowering of cGMP as well as cAMP, both of which promote smooth muscle relaxation.
A. Modulation of Intracellular Calcium
Amplification at every step in the NO/cGMP/PKGI signaling pathway converts the signal initiated by a modest amount of NO into a marked lowering of intracellular free calcium, desensitization of contractile proteins to calcium, and decrease in the contractile state of smooth muscle or in platelet activation. Numerous protein targets for PKGI phosphorylation are implicated in modulating cellular calcium (Fig. 5) , but many studies imply that the contribution of each of these targets may vary substantially among cell types.
PKGI phosphorylation of G-protein-activated phos-
pholipase-C␤3 at Ser-26 and Ser-1105 inhibits the activity of this enzyme, thereby decreasing generation of IP 3 and calcium mobilization (Xia et al., 2001 5 . Role of PKGI in modulating intracellular calcium level to promote smooth muscle relaxation. cGMP activation of PKGI in response to nitric oxide elicits multiple phosphorylations of cellular proteins that result in lowering of cellular calcium either through decreased mobilization from intracellular stores or decreased entry from the extracellular space. Solid arrows leading from PKG to a protein indicate that the PKGI-mediated phosphorylation of that protein stimulates its biological activity; for example PKG phosphorylation of RGS proteins activates these proteins, leading to their effect to impair coupling between G proteins and G protein-coupled receptors (GPCRs). An inhibitory bar indicates that the PKGI-mediated phosphorylation impairs the biological function of that protein; for example, PKGI phosphorylation of phospholamban decreases its inhibitory effect on the sarcoplasmic reticulum calcium/ATPase, thereby allowing increased calcium sequestration. with the IP 3 receptor. In response to a NO-mediated inrease in cGMP, PKGI␤ phosphorylates human IRAG at Ser-696, which converts IRAG to an inhibitor of IP 3 -receptor activity, thereby suppressing release of calcium from intracellular stores. 3. PKGI phosphorylation/activation of large-conductance calcium-activated (BK Ca ) potassium channels promotes channel opening, thereby allowing for loss of intracellular potassium, hyperpolarization of the plasma membrane, and decreased calcium influx through L-type calcium channels (White et al., 1993; Zhou et al., 1996; Alioua et al., 1998; Fukao et al., 1999; Hall and Armstrong, 2000) . A recent report indicates that L-type channels expressed in human embryonic kidney cells or cardiomyocytes are phosphorylated by PKGI, which is also associated with inhibition of channel function (Yang et al., 2007) . Whether this mechanism significantly affects calcium current in smooth muscle cells has not been determined. 4. Phosphorylation of phospholamban at Ser-16 abrogates its inhibitory effect on the sarcoplasmic reticulum calcium/ATPase pump, thereby increasing calcium sequestration (Raeymaekers et al., 1988; Colyer, 1998; Schlossmann et al., 2000; Koller et al., 2003) . 5. Signaling through certain receptors, the actions of which are mediated through calcium, can also be attenuated by direct PKGI action (Christensen and Mendelsohn, 2006) . Thromboxane A2 signaling through the TP␣ isoform of the thromboxane receptor activates phospholipase-C␤ to increase IP 3 production and mobilization of intracellular calcium. The calcium in turn increases eNOS activity and signaling through the NO/cGMP/PKG pathway. The subsequent PKGI phosphorylation of TP␣ receptor at Ser-331 desensitizes the receptor, thereby decreasing intracellular calcium (Reid and Kinsella, 2003; Kelley-Hickie et al., 2007) . Likewise, PKGI phosphorylates the transient receptor potential canonical (TRPC)-6 channel at Thr-70 and Ser-322, which inactivates the associated inward calcium current (Koitabashi et al., 2010) . 6. Signaling through other receptors whose actions are also mediated through calcium can be blunted through the action of the NO/cGMP-activated PKGI to phosphorylate RGS proteins that alter receptor coupling to their G-protein partners Osei-Owusu et al., 2007; Schlossmann and Desch, 2009) . PKGI phosphorylates and activates RGS proteins, thereby promoting translocation to the plasma membrane where phospho-RGS increases the GTPase activity of G proteins and interferes with their interaction with G-protein coupled receptors (Sun et al., 2005; Huang et al., 2007; Osei-Owusu et al., 2007) . TP␣ signaling through RhoA is also diminished by NO/cGMP activation of PKGI, but whether the mechanism of this effect relates to processes described above or immediately below is not clear (Wikström et al., 2008) .
B. Effect on Functions of Ras Homolog Gene Family Member A
Another major mode of action of NO/cGMP/PKGI signaling involves PKGI-mediated inactivation of the Ras homolog gene family member A (RhoA). PKGI phosphorylation of RhoA at Ser-188 blocks the action of this protein in myriad processes; these include signaling through Rho-associated protein kinases to foster increased contraction in vascular smooth muscle, regulation of cellular adhesion, and relief of inhibition of insulin receptor substrate-1 to enhance insulin signaling through activation of the downstream phosphoinositide 3-kinase-Akt cascade (Ellerbroek et al., 2003; Dhaliwal et al., 2007; Weinmeister et al., 2008; Haas et al., 2009; Nossaman and Kadowitz, 2009 ). In vascular smooth muscle in the absence of cGMP signaling, RhoA translocates from the cytosol to the plasma membrane, where it increases the activity of the Rhoassociated protein kinase. The activated Rho-kinase then phosphorylates Thr-696 of the myosin-binding subunit of myosin light-chain phosphatase, thereby inhibiting phosphatase activity toward myosin light chain and fostering contraction Kimura et al., 1996; Kureishi et al., 1997; Feng et al., 1999; . PKGI phosphorylation of RhoA promotes its dissociation from the plasma membrane and its return to the cytosol. Activated PKG also catalyzes phosphorylation of Ser-695 on the myosin light-chain phosphatase regulatory subunit, which in turn blocks Rho kinase inactivation of the phosphatase (Nakamura et al., 2007) .
C. Gene Regulation
Activation of PKGI by NO signaling alters gene expression in a number of tissues (Gudi et al., 1997; Collins and Uhler, 1999; Pilz and Broderick, 2005; Zhao et al., 2005; Zhang et al., 2007a) . In smooth muscle cells, increased cGMP and PKGI activity influence expression of smooth muscle-specific contractile proteins, levels of proteins in the NO/cGMP signaling pathway (e.g., NO-GC), down-regulation of the matrix proteins osteopontin and thrombospondin-1 to limit smooth muscle cell migration and phenotype, and differentiation of cells, including the transition of the smooth muscle cell from a contractile phenotype to a synthetic phenotype (Lincoln et al., 2006; Zhang et al., 2007a) . PKGI can phosphorylate cAMP response element-binding protein in vitro, but whether this occurs physiologically is unclear . NO-mediated increases in cGMP and PKG activation are reported to increase mitochondrial biogenesis and abundance of the uncoupling protein in brown fat (Haas et al., 2009 ). PKGI-mediated regulation of gene expression and protein levels is implicated in 542 some models of neuronal plasticity and learning, as well as in pathological conditions such as Alzheimer's disease and schizophrenia (Monfort et al., 2002; Monfort and Felipo, 2005; van der Staay et al., 2008; Nugent et al., 2009) .
Nuclear factor of activated T cells (NFAT) translocation between the cytosol and nucleus is regulated by phosphorylation/dephosphorylation of serines in its Nterminal segment (Beals et al., 1997a,b; Crabtree and Olson, 2002; Sheridan et al., 2002) . Phospho-NFAT is cytosolic; when dephosphorylated, it translocates to the nucleus and promotes gene transcription, which in the case of cardiomyocytes seem to be pro-hypertrophic genes (Hogan et al., 2003; Koitabashi et al., 2010) . NFAT is dephosphorylated by calcineurin, a calcium-activated phosphoprotein phosphatase; increased activity of the cGMP/PKGI signaling pathway lowers cellular calcium, thereby inhibiting the pro-hypertrophic effects of NFAT/ calciuneurin signaling . Activation of TRPC channels either by stretch or a G q -coupled agonist increases influx of calcium into the cell and concomitantly activates many proteins that can dephosphorylate NFAT (Crabtree and Olson, 2002; Nilius et al., 2005 Nilius et al., , 2007 . In addition, the promoter for TRPC6 contains NFAT-response elements; TRPC6 expression is significantly up-regulated in models of cardiac hypertrophy and is associated with positive regulation of the calcineurin/NFAT signaling pathway (Kuwahara et al., 2006). Increased nuclear NFAT has been proposed to directly promote expression of proteins that are associated with cardiac hypertrophy as well as to activate a feed-forward mechanism for increased expression of TRPC6, which would further increase intracellular calcium and foster persistent nuclear NFAT relocation (Kuwahara et al., 2006) . Activation of the NO/ cGMP/PKGI pathway counters this effect: first, PKGI has recently been shown to phosphorylate two sites (Ser-322 and Thr-70) on TRPC6 (Takahashi et al., 2008; Koitabashi et al., 2010) , thereby decreasing calcium entry into the cell; second, the effect of NO/cGMP/PKGI signaling to lower intracellular calcium decreases calcineurin activity, thereby favoring retention of phospho-NFAT in the cytosol (Kwan et al., 2004; Takahashi et al., 2008; Koitabashi et al., 2010) .
D. Regulation of Vasodilator-Stimulated Phosphoprotein Functions
The effect of PKGI to phosphorylate vasodilator-stimulated phosphoprotein (VASP) in platelets and smooth muscle was documented early in the history of cGMP signaling. VASP is phosphorylated by PKG and PKA (Walter and Gambaryan, 2009 ); PKGI preferentially phosphorylates VASP at Ser-239. Phosphorylation of VASP is correlated with 1) changes in platelet cytoskeletal organization, 2) inhibition of platelet activation Nolte et al., 1994) , 3) decreased association of VASP with F-actin and VASP-driven actin filament formation (Benz et al., 2008; Benz et al., 2009 ), 4) enhanced angiogenesis (Chen et al., 2004 (Chen et al., , 2008 , and 5) induction of long-term potentiation . Increased phosphorylation of VASP also causes a change in its intracellular location Walter and Gambaryan, 2009 ).
E. Regulation of Phosphodiesterase-5
PKGI phosphorylates and activates the cGMP-specific PDE5, the first recognized physiological substrate of known enzymatic function, in platelets, smooth muscle cells, and cerebellar Purkinje cells (Wyatt et al., 1998; Corbin et al., 2000; Rybalkin et al., 2002; ShimizuAlbergine et al., 2003; Koesling et al., 2005; Wilson et al., 2008) . Phosphorylation of PDE5 at a single serine (Ser-102 in human PDE5; Ser-92 in bovine PDE5) in the regulatory domain increases the affinity of the enzyme for the substrate (Thomas et al., 1990b; Corbin et al., 2000; Rybalkin et al., 2002) , thereby increasing cGMP hydrolysis at subsaturating concentrations. It also increases the V max of the enzyme and affinity of the allosteric sites for cGMP (Wyatt et al., 1998; Corbin et al., 2000; Rybalkin et al., 2002) . Both cGMP binding to allosteric sites in PDE5 and its phosphorylation by PKGI contribute importantly to a powerful negative feedback on NO/cGMP/ PKGI signaling (see section IV.D.4) Rybalkin et al., 2002; Mullershausen et al., 2003; Francis et al., 2009 ).
F. Cytoprotective Processes
Increased NO/cGMP signaling is cytoprotective in many cell types, but whether all of these protections require PKGI action is not known. Cytoprotective effects have been observed in heart cells (Qin et al., 2004; Kukreja et al., 2005; Das et al., 2008) , neurons and glia (Barger et al., 1995; Nakamizo et al., 2003; Zhang et al., 2003; Thippeswamy et al., 2005; Korkmaz et al., 2009a,b; Paquet-Durand et al., 2009 ) and epithelial cells (Chan and Fiscus, 2003) . Precise mechanisms for these protective effects are undoubtedly complex. One mechanism in cardiac tissues involves NO/cGMP/PKGI signaling to increase opening of mitochondrial K ϩ /ATP channels and thereby diminish damage incurred in response to ischemia-reperfusion or myocardial infarcts (Ockaili et al., 2002; Das et al., 2004; Qin et al., 2004; Costa et al., 2005; Kukreja et al., 2005; Costa et al., 2008; Salloum et al., 2008 , activate ERK signaling, and inhibit glycogen synthase kinase 3␤ . Another mechanism that acts through PKGI blocks the proapoptotic effects of p38 mitogen-activated protein kinase (p38 MAPK) (Ge et al., 2002; Tanno et al., 2003) , and yet another involves PKGI phosphorylation of Bad, a proapoptotic protein (Zha and Reed, 1997; Johlfs and Fiscus, 2010) . A number of studies have demonstrated that signaling through PKGI decreases ischemia/reperfusion-induced cardiac damage (Qin et al., 2004; 
PKGS AND PDES IN NO/CGMP ACTION
Evidence suggests that an increase in cGMP and activation of PKGI in cardiomyocytes causes PKG-mediated phosphorylation of an unknown protein (or proteins) on the outer mitochondrial membrane; this event triggers a signal that activates a PKC that is in complex with and phosphorylates the mitochondrial potassium channel on the inner mitochondrial membrane (Costa et al., 2005 (Costa et al., , 2008 Jabů rek et al., 2006) . PKC-mediated phosphorylation and activation of this channel produces rapid potassium influx into the mitochondria and increased production of reactive oxygen species (e.g., H 2 O 2 and hydroxide radical). The reactive oxygen species purportedly activates another pool of PKC, which inhibits the mitochondrial permeability transition pore and decreases cell damage. Although the precise mechanism by which cGMP/PKGI signaling brings about this protective effect is not known, many studies using diverse tissues support the critical involvement of PKGI in this process, which has been demonstrated in mitochondria from diverse tissues.
Major tissue damage to intact hearts or cardiomyocytes subjected to ischemia and reperfusion conditions is mediated in part by the proapoptotic pathway involving p38 MAPK (Ma et al., 1999; Yue et al., 2000) . Under conditions of ischemia/reperfusion, p38 MAPK associates with the scaffold protein TAB1 (transforming growth factor-␤-activated protein kinase 1 binding protein 1), where it undergoes autophosphorylation and activation (Ge et al., 2002; Tanno et al., 2003; Fiedler et al., 2006) . As shown by coimmunoprecipitation and mutagenesis experiments, the leucine zipper region of cGMP-activated PKGI forms a complex with p38 MAPK, thereby blocking p38 MAPK interaction with TAB1 and activation of proapoptotic pathways; by this process, activation of PKGI decreases cell damage both in intact heart and isolated cardiomyocytes (Fiedler et al., 2006) . No PKGI-mediated phosphorylation is apparently required for this effect, which suggests that PKGI acts by physically displacing another protein. If so, this is a heretofore unreported mechanism for cGMP-dependent PKGI action and may occur in other instances as well.
An antiapoptotic effect of PKGI␣ activation has been reported in neural cells. A part of this protection may be mediated by PKGI phosphorylation of Bad, an apoptosisregulating Bcl-2 family member, at Ser-155 (Zha and Reed, 1997; Johlfs and Fiscus, 2010) . Phosphorylation at this site by PKA and other kinases has been correlated with decreased apoptosis and increased cell viability. Ser-155 is located in the region that is required for dimerization with and blocking of Bcl-xL action, a cytoprotective protein. Phosphorylation at Ser-155 blocks Bad binding to Bcl-xL, thereby fostering cytoprotection (Datta et al., 2000; Tan et al., 2000; Zhou et al., 2000) .
G. Proapoptotic Effects
Elevation of cGMP and activation of PKGI or overexpression of constitutively active PKG in colon cancer cells promotes apoptosis Deguchi et al., 2004) . PKGI activation in colon cancer cells results in phosphorylation and activation of the mitogen-activated protein kinase kinase (MEKK1), activation of the stress-activated protein/ERK kinase 1 (SEK1), and activation of the c-Jun NH 2 -terminal kinase 1 (JNK1) pathway (Soh et al., 2000 (Soh et al., , 2001 . Elevation of cGMP and activation of PKGI also suppresses growth and promotes apoptosis in some endothelial cells and human colon tumor HT29 cells (Zhu et al., 2005 (Zhu et al., , 2009 Zhu and Strada, 2007) . These effects have prompted efforts to use inhibitors of cGMP-hydrolyzing PDEs for treatment of certain types of cancers.
IV. Factors That Modulate Nitric Oxide/cGMP/ cGMP-Dependent Protein Kinase I Signaling
With such a complex system, there are myriad possibilities for physiological or pathophysiological factors to impact the signaling process; these factors may vary among tissues. Regulation or impairment of NO-signaling through cGMP and PKGI can involve alterations in NO production and bioavailability, level and sensitivity of NO-GC activity, level and function of effector proteins (e.g., PKGs and cGMP-gated channels), localization/activity of cGMP-hydrolyzing PDEs, and phosphoprotein phosphatase activity. In some instances, alteration of function at one point in the pathway may elicit changes at another point, thereby emphasizing the interconnectedness of these components and complicating understanding of mechanisms in play. Nitric Oxide. Elevation of cGMP and activation of PKG in response to NO donors are typically rapid. However, in some cases, the biological effects are slower than would be predicted if cGMP equilibration throughout the cell (estimated to require ϳ0.2 s for a typical cell) were based only on the diffusion rate for cN (200 -800 m 2 /s) (Chen et al., 1999; Conti and Beavo, 2007) . After treatment with NO donors, cGMP has been shown to peak at 5 to 30 s in platelets (Mullershausen et al., 2001 (Mullershausen et al., , 2003 ) and at ϳ50 s in vascular smooth muscle cells (Wyatt et al., 1998; Cawley et al., 2007) . Activation of PKG after elevation of cGMP typically elicits phosphorylation of protein substrates such as PDE5 and VASP within seconds (Eigenthaler et al., 1992; Wyatt et al., 1998; Rybalkin et al., 2002) . In cerebellar Purkinje cells, PDE5 phosphorylation, which is considered to be a good indicator for PKG activation, peaks at ϳ20 min . Microdomains that are either architecturally and/or enzymatically defined are likely to affect the 544 temporal response of cells to the NO signal. Signals that stimulate PKGI-mediated phosphorylations are countered by actions of phosphoprotein phosphatases and PDEs that reverse the phosphorylations or terminate the signals, respectively.
A. Relationship between the Time Course of cGMP Elevation and Impact of Levels of cGMP and Intracellular cGMP-Binding Sites on Activation of the cGMP/cGMP-Dependent Protein Kinase Signaling Pathway
Time-Course of cGMP Elevation in Response to
Impact of Levels of cGMP and Intracellular cGMPBinding Sites on Action of the cGMP/cGMP-Dependent
Protein Kinase I Signaling Pathway. Several points must be considered when discussing what is deemed to be a "physiologically relevant" change in cGMP. The affinities and cellular concentration of cGMP-binding sites on cGMP-binding proteins (PKGs and cGMP-binding PDEs) that compete for cGMP are key factors in determining cGMP action, but these points are rarely discussed in the literature. Moreover, both cGMP-binding sites on PKGI monomers contribute to activation of PKG phosphotransferase activity so that significant occupation of the sites is necessary to achieve optimum phosphotransferase activity . The population of PKGI isozymes in a cell is also an important factor because of the difference in their cGMP affinities and the fact that PKGI␣ is partially activated when one cGMP is bound per two cGMP-binding sites of each monomer.
Studies have suggested that a ϳ3-to 4-fold elevation of basal cGMP in vascular smooth muscle is sufficient to fully activate PKGI (Francis et al., 1988; Jiang et al., 1992) . In addition, a 2-to 3-fold elevation of cGMP in murine platelets or aorta causes a substantial increase in phospho-VASP, which is considered a ubiquitous target for activated PKGI (Gambaryan et al., 2008; Walter and Gambaryan, 2009 ). However, NO donors produce ϳ30-and 150-fold increases in cGMP in platelets and rat aortic strips, respectively (Eigenthaler et al., 1992; Mullershausen et al., 2001) . In mouse platelets subjected to a maximal NO stimulus, intracellular cGMP (based on whole cell volume) has been estimated to transiently rise to 50 to 100 M or higher. This concentration would be much higher if cGMP were synthesized/retained in particular microdomains. These levels of cGMP seem to be extraordinarily high compared with the affinities of most cellular cGMP receptors for cGMP. The catalytic sites of cGMP-hydrolyzing sites of some PDEs (PDE1C, PDE3, PDE5, PDE9, and PDE11) and the allosteric cGMP-binding sites on PKGs and certain PDEs have affinities for cGMP in the 0.02 to 3 M range Bender and Beavo, 2006a; Conti and Beavo, 2007) .
The concentration of intracellular receptors for cGMP varies widely. In cells with a large amount of PKG and/or other cGMP-binding proteins, a greater excursion in cGMP would be required to activate a significant portion of the PKG; the extent of PKG activation that is required to elicit different biological processes may also vary within the same cell. In porcine vascular smooth muscle, PKGI (dimer) has been determined to be 0.06 to 0.13 M, which would contain 0.24 to 0.52 M cGMPbinding sites (i.e., four allosteric cGMP-binding sites per dimer) (Francis et al., 1988 Gopal et al., 2001 ). However, PKGI in platelets (ϳ3.7 M dimer or 14.8 M cGMP-binding sites) is much higher (Eigenthaler et al., 1992) . Based on these considerations and a basal cGMP concentration in vascular smooth muscle cells of ϳ0.1 M, ϳ6-fold elevation in cGMP would maximally activate PKG. However, if the basal level of cGMP in platelets were also ϳ0.1 M, then a 150-fold increase in cGMP would be required to saturate the sites (14.8 M). This calculation does not consider the quantity of the allosteric cGMP-binding sites of the cGMP-binding PDEs and cGMP-gated channels or the catalytic sites of cGMP-hydrolyzing PDEs in those cells. Signaling through cGMP and PKG plays a pivotal role in both cell types, but the absolute concentrations of these molecules and the magnitude of change in cGMP required to activate cGMP signaling could differ markedly. cGMP-gated cation channels are typically much lower in abundance than PKGs; therefore, the amount of cGMP associated with these channels is predicted to minimally alter free intracellular cGMP. However, that is not the case for cGMP-binding PDEs such as PDE5 (Gopal et al., 2001) .
B. Generation of the Nitric Oxide/cGMP Signal
A number of problems can decrease generation of the NO signal. This can result from a deficit of arginine (the substrate for NO synthases), although there is no clear evidence that arginine deficiency contributes significantly to low NO production in patients suffering from maladies associated with dysfunction in the NO/cGMP/ PKGI pathway. A decrease in the level/activity of NO synthases or an increase in scavenging of NO can occur in instances in which the health and function of the tissue source of NO is compromised or stressed; these changes have been implicated in endothelial dysfunction or deterioration/disruption of nonadrenergic/noncholinergic nerves as occurs in diabetes, metabolic syndrome, spinal cord damage, and aging (Celermajer et al., 1993; Meurer et al., 2009; Musicki et al., 2009; Napoli and Ignarro, 2009 ). However, development of drugs (particularly by Bayer Schering Pharma AG) that directly activate NO-GC, thereby circumventing the NO-generation step, shows promise for treatment of patients who are plagued with problems in this portion of the pathway.
Compromised function and alterations in level of the NO-GC have also been implicated in diminished responsiveness to NO (Li et al., 2001; Laber et al., 2002; Witte et al., 2002; Friebe and Koesling, 2003; Mü nzel et al., 2003; Sayed et al., 2007 Sayed et al., , 2008 . NO-GC is inactivated by NO-mediated nitrosation of its cysteines, and physiologically relevant levels of glutathione protect against this Mayer et al., 2009) . Studies suggest that tolerance to nitrovasodilators could be due in part to desensitization of NO-GC, decreased metabolic processing of nitrovasodilators to generate NO, or increased PKGS AND PDES IN NO/CGMP ACTION cGMP breakdown. NO-mediated vasodilation that is blunted in a model of chronic hypoxia is associated with decreased NO-GC catalytic activity, although the NO-GC protein level is unchanged (Pearce et al., 2009) . In this study, no significant changes were observed in PDE activity or relaxation of the vessels elicited by cGMP-analog activators of PKGI; this suggests that, in this model, impaired NO-GC function accounts for the hypoxia-induced desensitization to NO. In addition, the redox status of the NO-GC heme or loss of that heme can influence NO-GC function, and decreased responsiveness of NO-GC to NO under certain conditions has been reported (Meurer et al., 2009 ).
C. Temporal Regulation of cGMP Level
The cGMP signal produced in response to NO is typically short-lived as a result of substrate depletion, rapid breakdown/scavenging of NO, and strong negative feedback mechanisms Mullershausen et al., 2001) . In platelets or smooth muscle exposed to NO, the peak of cGMP elevation is short-lived and declines to near basal level by ϳ40 to 60 s (Mullershausen et al., 2001 (Mullershausen et al., , 2003 ). Tight regulation of cGMP level, as with any biological signal, is required to maintain the sensitivity of the response to the incoming signal and rapid adjustment to changes in that signal. An increase in cGMP sufficient to saturate its intracellular receptors (i.e., PKG, cGMP-gated cation channels, and PDEs) would quickly overwhelm the potential for meaningful adjustments in the reactions generated by this pathway. Under such conditions, the signaling pathway would be functioning at full throttle and would be temporarily unresponsive to changes in the incoming signal, such as a decline in NO production. It is noteworthy that cGMP concentration in response to NO in platelets and vascular smooth muscle is biphasic and quickly returns to near basal levels primarily by the action of cGMPhydrolyzing PDEs. The action of PDE5, in particular, plays a prominent role in lowering cGMP levels in these two cell types (Mullershausen et al., 2001 (Mullershausen et al., , 2006 Farrow et al., 2008) . Moreover, cGMP binds to and can remain bound to allosteric sites of certain PDEs (e.g., PDE2 and PDE5), thereby keeping them in the activated state for more than an hour. While bound to the PDEs, cGMP is protected against breakdown (Kotera et al., 2004a) .
D. Termination or Blunting of cGMP Signaling by cGMP-Hydrolyzing Phosphodiesterases
Decline in the NO signal along with actions of PDEs are the major players in dynamically controlling cellular cGMP and terminating cGMP signaling. With waning of the signal, the NO dissociates from NO-GC, which then rapidly reverts to the inactive state. The response of cellular PDEs to increasing cGMP level is fast, likely to involve several PDEs, and frequently persists for extended periods of time because of regulatory features of the PDEs.
cGMP interacts with the catalytic site in cGMP-hydrolyzing PDEs, where it is broken down to 5Ј-GMP, which is inactive in this signaling pathway. cGMP-hydrolyzing PDEs occur in all cell types; the collection and abundance of PDE families in particular cell types vary and frequently differ among species. The 11 mammalian PDE families are derived from 21 genes, and PDE families 1, 2, 3, 5, 6, 9, 10, and 11 hydrolyze cGMP (Table 3) (Bender and Beavo, 2006a) ; with the exception of PDE6, isozymes of each of these families are widely distributed and contribute importantly to control of cellular cGMP (Fig. 6) . Because of the additional presence of splicevariants, a given organism is estimated to contain more than 50 cGMP-hydrolyzing PDEs (Bender and Beavo, 2006a; Conti and Beavo, 2007) . PDE catalytic function can be altered by numerous factors, including different physiological and pathophysiological processes that affect PDE protein expression, PDE protein breakdown, localization of PDEs, or the V max and/or K m of these enzymes. Therefore, interpretation of results involving PDE action should seriously consider these factors be-
TABLE 3 Substrate specificities and kinetic characteristics of mammalian cGMP-hydrolyzing PDEs
Values compiled from Bender and Beavo (2006a) . The range of values is likely to be due to the different assay conditions and preparations of the respective enzymes in various laboratories.
Isoenzyme
Substrate Preference fore making extrapolations to prospects for development of potential therapies that would intersect with these pathways. With some exceptions, the absolute concentration of PDEs within a cell is low because the catalytic rate for most PDEs is quite high (k cat values range from 0.5 to 4000 s Ϫ1 (Bender and Beavo, 2006a; Omori and Kotera, 2007) . Moreover, the K m values for hydrolysis of cGMP by different PDEs cover a broad range of concentrations (0.2-40 M). The biological advantage of such a diverse group of enzymes with broadly similar function is not clear, but selective compartmentation of some PDEs within cells, the apparent actions of these PDEs on particular pools of cGMP, and the capacity for diverse population of PDEs to deal with a broad range of cellular cGMP concentrations are now recognized (Conti and Beavo, 2007) . Unlike other proteins in the NO/cGMP/ PKG signaling pathway, there are few knockout models for the PDEs; the PD1B, PDE3, and PDE11 isozymes are the only cGMP-hydrolyzing PDEs that have thus far been studied in this way (Masciarelli et al., 2004; Siuciak et al., 2007; Sun et al., 2007; Kelly et al., 2010) . Overlap in affinity of various PDEs for cGMP and the uncertainties about compartmentation of these enzymes make it difficult to assign exclusive function to one PDE even when relatively selective PDE inhibitors are used. Little is known about the efficiency with which PDE inhibitors access the interior of the cell and whether they are selectively localized in particular regions of those cells (Thompson, 1991; Wunder et al., 2005) . This problem continues to confound studies of PDE actions.
1. cGMP-Specific Phosphodiesterases. Three of the 11 mammalian PDE families (PDEs 5, 6, 9) have a ϳ100-fold substrate preference for cGMP over cAMP as substrate and are therefore considered to be "cGMPspecific PDEs" (Bender and Beavo, 2006a) . As alluded to in section IV.D, PDE6 expression is restricted to photoreceptor and pineal cells. PDE5 and PDE9 are the only "cGMP-specific PDEs" that are expressed in peripheral tissues, and the catalytic sites of both have affinities for cGMP that fall within the physiological range.
A role for PDE5 has now been established in modulating NO/cGMP effects in vascular smooth muscles, heart, platelets, and lower urinary tract organs Kass et al., 2007a; Sandner et al., 2009) . Involvement of PDE5 in many other processes continues to be a major point of interest to the scientific and medical communities (Rutten et al., 2005; Burnett et al., 2006; Heymann, 2006; Sandner et al., 2007) . The K m of the PDE5 catalytic site for cGMP is 2 to 5 M, and the k cat is ϳ4.3 s Ϫ1 . Despite low expression of PDE5 protein in many tissues, its role in cGMP signaling can still be quite important.
PDE9 catalytic site has exceptionally high affinity for cGMP (K m Ͻ0.2 M), and its k cat has not been determined. It has been suggested to function as a "housekeeping" PDE to maintain low cellular cGMP (van . PDE9 expression has been reported in retinal pigment epithelial cells and in certain neurons (Diederen et al., 2007; de Vente et al., 2006; ReyesIrisarri et al., 2007) . In some instances, its expression in neural tissues coincides with that of the NO-GC; consequently, it has been suggested to play a role in NO/ cGMP signaling in these cells.
2. Dual-Specificity Phosphodiesterases. Among dualspecificity PDEs (PDEs 1, 2, 3, 10, and 11), hydrolysis of the respective cN occurs with varying efficacies. The affinity (K m ) and selectivity of catalytic sites of dualspecificity PDEs for cGMP and cAMP can vary significantly even within a single PDE family. Among catalytic sites of PDE1 isozymes, affinities for cGMP are 1 M (PDE1C2), 3 M (PDE1B1), and 5 M (PDE1A2), compared with 1, 24, and 113 M, respectively, for cAMP. Maximum catalytic activities of the PDE1 isozymes for cGMP and cAMP breakdown are similar (Table 3) (Bender and Beavo, 2006a) . Affinity of the PDE2 catalytic site for both cNs is low (ϳ10 -30 M) and above what is considered to be a physiological concentration for either cN; maximum breakdown rates for the cNs are similar (Bender and Beavo, 2006a; Conti and Beavo, 2007) . In contrast, the high affinity of PDE3 for cGMP (K m ϳ 0.02-0.3 M) and cAMP (K m ϳ 0.2-0.4 M) is within the physiological range for these cNs, but the V max for cAMP is 5 to 10 times greater than that for cGMP (Manganiello et al., 1995; Degerman et al., 1997) . PDE3 is commonly referred to as the "cGMP-inhibited cAMP-PDE" because as a high-affinity but low-turnover substrate, cGMP effectively competes with cAMP, FIG. 6 . Negative feedback mechanisms that blunt or terminate NO and cGMP signaling. cGMP signaling is blunted and/or terminated by multiple points of action that serve to decrease cGMP level by lowering NO-GC activity, activating cGMP-hydrolyzing PDEs, or decreasing levels of the proteins involved in the signaling. PDEs 1, 2, 3, 5, 9, 10, and 11 hydrolyze cGMP and are widespread throughout mammalian tissues. The activities of PDE2 and PDE5 can be further accelerated by allosteric cGMP binding and by phosphorylation for PDE5. thereby impeding cAMP hydrolysis. PKA phosphorylation of PDE3 increases its catalytic activity (López-Aparicio et al., 1993; Bender and Beavo, 2006a; Conti and Beavo, 2007) , but whether PKGI also phosphorylates and activates PDE3 catalytic activity has not been studied. PDE10 has ϳ70-fold higher affinity for cAMP compared with that for cGMP (Fujishige et al., 1999; Loughney et al., 1999; van Staveren et al., 2002) . PDE11 hydrolyzes both cNs with similar efficacies and affinities (K m values for cAMP and cGMP are 1 and 1.6 M, respectively) (Fawcett et al., 2000; Bender and Beavo, 2006a; Weeks et al., 2007) .
3. Tissue Distribution and Function of cGMP-Hydrolyzing Phosphodiesterases. In a given cell type, one commonly finds representatives of three or more cGMPhydrolyzing PDE families. However, the population of PDEs in any given portion of a cell or even in cells of the same type in the same or different species can vary Vasta et al., 2005; Bender and Beavo, 2006a) . In some cells, one PDE isozyme may predominate; examples of this include the zona glomerulosa cells of the adrenal cortex [in which PDE2 accounts for Ͼ90% of the PDE activity (MacFarland et al., 1991) ], platelets [in which PDE5 activity is the major cGMP-hydrolyzing PDE ], and photoreceptor cells [in which PDE6 is abundant (Cote, 2006) ]. Some PDEs are primarily located in the cytosol (e.g., PDE3A, PDE5, PDE9A5) (Liu and Maurice, 1998; Palmer and Maurice, 2000; Shakur et al., 2001; Wang et al., 2003; Francis et al., 2006) ; one has been reported to be in the nucleus (PDE9A1); some are primarily associated with particulate components of the cell (e.g., PDE3B, PDE10A2) (Kotera et al., 1999b) ; and others can be found in both regions (e.g., PDE3A) but with preferential location to one or the other venue (Bender and Beavo, 2006a; Conti and Beavo, 2007; Omori and Kotera, 2007) . Evidence suggests that the action of each of these PDEs is important to physiological control of cGMP and perhaps particular cGMP pools Takimoto et al., 2007; Wilson et al., 2008) .
Development of compounds that selectively block the catalytic function of particular PDEs continues to be a major interest of the pharmaceutical industry, academicians, and clinicians. The potential impact of such compounds has already been demonstrated with the therapeutic and marketing success of three PDE5-selective inhibitors, sildenafil, vardenafil, and tadalafil, which bind to the PDE5 catalytic site, thereby blocking access and hydrolysis of cGMP (Jeremy et al., 1997; Corbin, 2003, 2005; Carson, 2005; Porst et al., 2006; Francis et al., 2009 ). More of these PDE5 inhibitors are making their way into the commercial market (Kouvelas et al., 2009) . The availability of X-ray crystal structures of the catalytic domains of several cGMP-hydrolyzing PDEs, some in complex with an inhibitor or catalytic product, has provided meaningful direction for synthesis of potent and selective new drugs (Sung et al., 2003; Huai et al., 2004; Card et al., 2005; Wang et al., 2006) . However, to date, all potent drugs that inhibit cGMPhydrolyzing PDEs have been identified using the traditional medicinal chemistry approach of modifying a starting scaffold. The X-ray crystal structure of a near full-length PDE is only available for one isozyme (PDE2) , and PDE2 is in the inactive state in this structure. Thus, understanding influences of the regulatory domains on catalytic site functions for most PDEs still relies on biochemical approaches.
A subset of PDEs (PDEs 2, 5, and 6) also has allosteric sites that interact with cGMP to regulate PDE function and sequester cGMP Bender and Beavo, 2006a; Cote, 2006; Conti and Beavo, 2007) . These allosteric cGMP-binding sites in PDEs 2 and 5 are also considered to be good drug targets, but progress on this front continues to lag behind that made in identifying ligands for catalytic sites. Several structures of the allosteric cGMP-binding sites have now been reported and provide invaluable information about the topography of these pockets (Martinez et al., 2002 (Martinez et al., , 2008 Heikaus et al., 2008 Heikaus et al., , 2009 Pandit et al., 2009) .
In addition to the concept of developing compounds that target only one protein, there is potential for development of compounds that act at several points in the cGMP-signaling pathway (as noted in the discussion of cN analogs in section II.B.1). Such compounds could potentially work at low levels and elicit synergistic effects. Examples of this have already been reported: YC-1 and BAY 41-2272, which were developed as NO-GC activators, are also potent inhibitors of PDE5 and act through both mechanisms to increase cGMP (Friebe et al., 1998; Mullershausen et al., 2004) . Certain cGMP analogs are both potent PKGI activators and PDE inhibitors and would be predicted to synergistically increase PKGI-mediated phosphorylations (Sekhar et al., 1996) .
4. Regulation of cGMP-Hydrolyzing Phosphodiesterases. PDEs that hydrolyze cGMP have been shown to be subject to diverse regulatory influences, including expression level, cellular calcium level (PDE1), phosphorylation status (PDE3, PDE5, and PDE10), and expression level (PDE1, PDE3, and PDE5) (Liu and Maurice, 1998; Kotera et al., 1999a; Palmer and Maurice, 2000; Bender et al., 2005; Champion et al., 2005; Bender and Beavo, 2006a; Conti and Beavo, 2007; Omori and Kotera, 2007; Farrow et al., 2008; Francis et al., 2009) . It is likely that regulatory features will ultimately be demonstrated for other cGMP-hydrolyzing PDEs. Although some cGMP-hydrolyzing PDEs undergo reversible relocation among cellular compartments (Kotera et al., 2004b) , this process does not seem to be as common as occurs for certain cAMP-hydrolyzing PDEs (Conti and Beavo, 2007) . The PDE5 catalytic site has moderate affinity for cGMP (Thomas et al., 1990a) . Either phos-548 phorylation by PKG or PKA in its regulatory domain or cGMP binding to its allosteric site increases catalyticsite affinity and catalytic rate (Corbin et al., 2000; Mullershausen et al., 2001 Mullershausen et al., , 2003 Rybalkin et al., 2002; Francis et al., 2006; Bessay et al., 2008) .
Overall, little is known about regulation of the levels of PDE proteins, although changes in both the activities and levels of particular cGMP-hydrolyzing PDEs have been demonstrated in association with cellular proliferation and differentiation, as well as with tissue dysfunction (Maclean et al., 1997; Kotera et al., 1999a; Palmer and Maurice, 2000; Bender et al., 2004 Bender et al., , 2005 Champion et al., 2005; Wharton et al., 2005; Bender and Beavo, 2006b; Nagel et al., 2006; Schermuly et al., 2007; Farrow et al., 2008; Miller et al., 2009 ). Both short-term and long-term regulation of the action of PDEs allows for fine control of the amplitude and duration of cGMP elevation and provides for refined blunting or enhancement of the signal (Gopal et al., 2001; Mullershausen et al., 2001 Mullershausen et al., , 2003 Rybalkin et al., 2002 Rybalkin et al., , 2003 Bender et al., 2004 Bender et al., , 2005 Champion et al., 2005; Takimoto et al., 2005a; Fischmeister et al., 2006; Kass et al., 2007a; Omori and Kotera, 2007; Zhu and Strada, 2007; Muzaffar et al., 2008; Pokreisz et al., 2009; Zhu et al., 2009) .
The affinities of the catalytic sites of certain PDE families (PDEs 1, 3, 5, 9, 10, and 11) for cGMP fall within what is accepted to be the range of cellular cGMP concentration (0.01-10 M) in the basal and/or elevated state. As a result, under many conditions, the hydrolytic rate of PDEs would be less than maximal and increased cellular cGMP would be predicted to increase hydrolytic rate of these PDEs simply as a result of mass action. PDE2 has low affinity for cGMP (K m Ͼ 10 M), which might suggest limited function in the "physiological" range of cGMP levels found in most cells, but its function has been shown to be physiologically relevant in a number of instances (MacFarland et al., 1991; Bender and Beavo, 2006a; Conti and Beavo, 2007; Surapisitchat et al., 2007; Masood et al., 2008 Masood et al., , 2009 . PDE1, PDE2, PDE3, and PDE5 have been reported to be present in cardiomyocytes although there are still controversies in this area (see below). Members of the PDE1 and PDE3 families account for the greatest proportion of cGMP-PDE activity in the heart (Wallis et al., 1999; Vandeput et al., 2009) . The cGMP-hydrolyzing activity of PDE1 is largely determined by intracellular calcium level and perhaps by specific pools of calcium that enter the cell in response to different stimuli (Miller et al., 2009 ). Although precise subcellular localization of PDE1 is not known, it apparently targets a pool of cGMP other than that targeted by PDE5 (Miller et al., 2009) , and action of cGMP/PKGI to lower intracellular calcium would blunt PDE1 action by negative feedback. At least a portion of the cardiomyocyte PDE2 is presumed to be located near the cell membrane because it largely accounts for breakdown of cGMP pools in this compartment. PDE5, whose presence in cardiomyocytes continues to be a matter of debate, is largely cytosolic and apparently more involved in breakdown of cytosolic cGMP pools generated by NO-GC activation (Palmer and Maurice, 2000; Corbin et al., 2005; Castro et al., 2006; Fischmeister et al., 2006; Lukowski et al., 2010) . The catalytic activities of the PDE3 family have long been recognized as having important impact on lipolysis, glycogenolysis, insulin secretion, and cardiac function (Degerman et al., 1997; Thompson et al., 2007) . PDE3 was the target of the first pharmacological agent (milrinone) approved for blocking PDE action (Seino et al., 1995) . Phosphorylation of PDE3B by either PKA or PKB activates catalysis, although different sites are modified; phosphorylation by PKA fosters association with 14-3-3 protein, and in this complex, phospho-PDE3B is resistant to dephosphorylation by phosphoprotein phosphatases (Palmer et al., 2007) . The end result is a powerful negative feedback loop in which increased cAMP directly activates PDE3 through PKA action, and association of phospho-3B with the 14-3-3 protein prolongs the activated state of PDE3B.
Increases in PDE1 and PDE5 activities in cardiomyocytes have been reported to be associated with cardiac hypertrophy, and suppression of these activities produces an antihypertrophic effect Yanaka et al., 2003; Takimoto et al., 2005b; Nagayama et al., 2008; Zhang et al., 2008; Miller et al., 2009; Tsai and Kass, 2009) . Most studies suggest that in the normal heart, PDE5 represents Ͻ30% of the cGMP-hydrolyzing activity, and many studies in both healthy persons and patients with a variety of cardiac maladies have shown that PDE5-selective inhibitors have little or no effect on cardiac function (Jackson, 2004 (Jackson, , 2005 Carson, 2005; Jackson et al., 2006) . However, studies probing cardiac functions in rodent models of the stressed heart indicate that imbalances in PDE5 activity and NO/cGMP/PKG signaling are involved in cardiac hypertrophy, work-load induced damage, reperfusion ischemic response, apoptosis, and modulation of acute ␤-adrenergic stimulation; certain stresses are reported to increase PDE5 level in cardiomyocytes (Kukreja et al., 2005; Takimoto et al., 2005a Takimoto et al., ,b, 2007 Kass et al., 2007a,b; Khairallah et al., 2008; Zhang et al., 2008; Ziolo et al., 2008; Kasseckert et al., 2009; Miller et al., 2009; Nagayama et al., 2009a,b; Wang et al., 2009) .
Blocking PDE5 activity in cardiomyocytes by use of sildenafil (or other PDE5 inhibitors) has been suggested to increase cGMP, activate PKG, and prevent and reverse cardiac hypertrophy induced by pressure overload (Takimoto et al., 2005b) , but this interpretation is still controversial (Lukowski et al., 2010) . The effect of sildenafil is suggested to be mediated at least in part by PKGI-mediated activation of RGS2, which suppresses G q -coupled signaling through phospholipase C␤, although other mechanisms may also be involved Takimoto et al., 2009 Zhang et al., 2008; Wang et al., 2009) found that PDE5 is primarily localized to the z-bands in cardiomyocytes; this localization is fostered by NO signaling. Persistence of PDE5 localization at the z-band in the absence of NO signaling is insufficient for the antiadrenergic effect of sildenafil. Because the pharmacological effect of sildenafil in this rodent model requires continued NOS activity, this could suggest that the associated increase in cGMP-binding to PDE5 allosteric sites and/or increased phosphorylation of PDE5 by activated PKG mediates the antihypertrophic effect of sildenafil. The antihypertrophic effect of cGMP-hydrolyzing PDE inhibitors is consistent with reports that NO-mediated activation of PKGI or overexpression of PKGI is also antihypertrophic (Calderone et al., 1998; Fiedler et al., 2002; Wollert et al., 2002) .
In another model of cardiomyopathy, overexpression of NO-GC or sildenafil inhibition of PDE5 in dystrophindeficient hearts improves contractile function, protects cardiomyocytes against workload-induced damage of the sarcolemma, improves the profile of mitochondrial metabolism, and mitigates progression of cardiac disease (Khairallah et al., 2008) . Evidence is mounting that cGMP activation of PKGI and the resulting reduction in intracellular calcium blunts expression of genes associated with cardiomyocyte hypertrophy, perhaps in part through diminished calcineurin activity (Hogan et al., 2003; Koitabashi et al., 2010) ; however, other pathways may also participate in these antihypertrophic effects .
The role of cGMP/PKG/PDE5 signaling in models of cardiac hypertrophy is highly controversial. Although it is generally agreed that elevation of cGMP in heart tissues is frequently associated with antihypertrophic and antifibrotic effects, the role of PKGI in mediating these effects is still unclear, and the PDE(s) that are responsible for controlling cGMP level is also unclear. Some have suggested that effects of agents (e.g., PDE5 inhibitors, natriuretic factors) that increase cGMP signaling and blunt cardiac hypertrophy may result at least in part from effects on cells other than cardiomyocytes (e.g., myofibroblasts or coronary artery smooth muscle cells) or through inhibition of other cGMP-hydrolyzing PDEs (Conti and Beavo, 2007; Vandeput et al., 2009; Lukowski et al., 2010) . Lukowski et al. (2010) have examined the proposed importance of PKGI and PDE5 in cardiac hypertrophy induced by either isoproterenol or transverse aortic constriction using PKGI knockout mice [PKGI(Ϫ/Ϫ)] that lack PKG globally, mice that express PKGI␤ only in smooth muscle (PKGI␤ rescue mice), and control mice. This group found that absence of PKGI in cardiomyocytes does not increase the hypertrophy induced by either process and does not increase basal heart size; this suggests that proteins other than PKGI may mediate the antihypertrophic effects of cGMP. Moreover, no changes in cGMP-hydrolyzing PDE activities or protein levels in these heart tissues could be discerned, and no PDE5 activity or protein could be detected in cardiomyocytes from any of these animals. These results raise questions about the mode of action reported for the antihypertrophic effects of PDE5 inhibitors and are difficult to reconcile with the well documented reports of others who have provided compelling evidence for the functional importance of PKGI and PDE5 in cardiomyocytes. However, differences in the models and conditions that have been used to study these processes and the overall complexity of signaling in the heart in response to various agonists and functional challenges may account for some of the conflicting results. It is clear that the role of PKGI and PDE5 in mediating/modulating effects of cGMP and/or PDE inhibitors in the heart remains an open question.
cGMP elevation in platelets is physiologically critical in inhibiting platelet aggregation (Maurice, 2005; Walter and Gambaryan, 2009 ). Platelets contain cGMP-hydrolyzing PDE2, PDE3, and abundant amounts of PDE5, as well as a high level of PKGI␤. A portion of platelet PDE5 that has low catalytic activity is localized to a complex composed of PKGI␤, IP 3 R1, and IRAG (Wilson et al., 2008) . After elevation of cGMP and activation of PKG, the PDE5 in this complex is phosphorylated and activated, thereby decreasing cGMP and countering changes in intracellular calcium; the PDE5 activity in the cytosol is reportedly unaffected. The authors suggest that each pool of PDE5 is involved in controlling cGMP in select microdomains, and that localized, rather than global, changes in cGMP in response to NO (or PDE5 inhibitors) selectively affect calcium mobilization and its proaggregatory effects.
5. Allosteric cGMP-Binding Sites on Phosphodiesterases. Allosteric cGMP-binding sites of PDEs 2, 5, and 6 are located in a GAF subdomain in the N-terminal portion of the respective proteins. cGMP is bound at these sites with strong preference over cAMP (Fig. 7, A and B) ; the cGMP-binding affinities of these sites, which range from 0.02 M for PDE2 (Wu et al., 2004) and 0.03 to 0.2 M for PDE5 , to 0.1 M for PDE6 (Cote, 2006) , are much higher than those of the respective PDE catalytic sites. This suggests that cGMP would occupy the allosteric sites and induce the more active state before significant interaction of cGMP with the respective catalytic sites. PDE2 and PDE5 are expressed in many tissues involved in NO/cGMP/PKG signaling, but PDE6 is found exclusively in photoreceptor cells, the pineal gland, and some types of melanoma cells (Cote, 2006; Bazhin et al.2010) . The allosteric sites of PDE2 and PDE5 would be predicted to continue to bind cGMP well after cGMP has fallen below concentrations that would significantly interact with the respective catalytic sites. However, the PDE allosteric sites would be predicted to interact with cGMP within the range of concentrations that affect PKGI activity. Because allosteric cGMP binding to PDEs activates the catalytic sites, this would sustain an activated state of cGMP breakdown for 550 a significant time, thereby contributing to negative feedback action (Mullershausen et al., 2003; Bender and Beavo, 2006a) . Moreover, the cGMP-binding affinities of some of the allosteric sites (e.g., PDE5) are enhanced by ligand occupation of the catalytic site, phosphorylation of the regulatory domain, oxidation/reduction, and other processes, and the impact of these affinity shifts within cells is not yet fully appreciated (Corbin et al., 2000; Mullershausen et al., 2001; Bender and Beavo, 2006a; Cote, 2006; Francis et al., 2006; Conti and Beavo, 2007; Bessay et al., 2008) . These allosteric sites on PDEs also have the potential to act to sequester cGMP from the cytosol, and bound cGMP is protected against breakdown ( Corbin and Francis, 1999; Gopal et al., 2001; Kotera et al., 2004a; . As the cGMP signal declines, the bound form of cGMP could then be released to foster continued cGMP signaling.
From these considerations, it is evident that cGMP produced within a given cell or a particular microdomain in that cell is likely to encounter multiple sites that compete for cGMP binding based on affinity and abundance. The total concentration of the respective binding sites will also affect the cGMP distribution, thereby influencing signaling efficacy and persistence of the signal. For instance, in the penile corpus cavernosum, total concentration of allosteric cGMP-binding sites derived from PKGI and PDE5 is Ͼ240 nM compared with a low basal level (ϳ20 nM) of cGMP (Gopal et al., 2001) . Because the affinities of these proteins for cGMP are in the same range, cGMP would be predicted to immediately distribute into all of these sites.
E. Therapeutic Use of Inhibitors of cGMP-Hydrolyzing Phosphodiesterases
A number of inhibitors of cGMP-hydrolyzing PDEs are currently in clinical use for treatment of maladies associated with cardiovascular health. Cilostazol (Pletal), a relatively selective inhibitor of PDE3, exhibits vasodilatory and antiaggregatory effects on vascular smooth muscle and platelets, respectively, and is marketed to treat intermittent claudication (Kambayashi et al., 2006) ; it also blocks adenosine uptake and has weak inhibitory potency for PDE5, which is abundant in its target tissues. Milrinone (Primacor) is also a selective inhibitor of PDE3 and is used in treatment of acute heart failure (Stehlik and Movsesian, 2006) . Dipyridamole, a weak inhibitor of three cGMP-hydrolyzing PDEs (PDE5, PDE10, and PDE11), also blocks adenosine uptake and is used for prevention of ischemic events after stroke (Schaper, 2005) . The antiaggregatory effect of dipyridamole in platelets involves its effect on adenosine uptake, but at therapeutic levels achieved in plasma, it could also inhibit PDE5 activity (Serebruany et al., 2009) . Both effects would promote platelet disaggregation. The PDE5-selective inhibitors (vardenafil, sildenafil, and tadalafil) have gained wide visibility as treatments for erectile dysfunction. Sildenafil (marketed as Revatio) and tadalafil (marketed as Adcirca) are also approved for treatment of pulmonary hypertension Falk et al., 2010) . PDE5 inhibitors have also been shown to be effective in treatment of Raynaud's disease, although they are currently not approved for this use (Fries et al., 2005; Levien, 2006) .
The outstanding safety profiles of the PDE5 inhibitors have encouraged consideration of use of these medications for treatment of other maladies. In fact, a clinical trial entitled "PDE-5 Inhibition to Improve Clinical Status and Exercise Capacity in Diastolic Heart Failure (RELAX)" and sponsored by the National Heart, Lung, and Blood Institute is currently enrolling participants. Given the strong basic science background for effects of these inhibitors in models of ischemic/reperfusion cardiac damage described above in section III.F, it is likely that there will soon be trials examining potential clinical ) comprise a binuclear metal binding site where a hydroxyl ion from water is polarized for breaking the cyclic phosphate ring. B, PDE5 has overall structure similar to that of PDE2. PKGI phosphorylates Ser-102 located near the amino terminus; both phosphorylation and allosteric cGMP binding, which occurs at GAF-A, increase cGMP breakdown at subsaturating cGMP level. [Adapted from applications for this problem. PDE5 inhibitors may also be useful in treatment of benign prostate syndrome and lower urinary tract symptoms (LUTS), which are common maladies in aging men. PDE5 is expressed in human prostate and bladder, and PDE5 inhibitors elicit relaxation of tone in tissues from both organs. Preliminary trials with PDE5 inhibitors decreased LUTS in some patients (Sandner et al., 2009) . Investigators are testing the efficacy of PDE5-selective inhibitors for reducing symptoms associated with these maladies. Symptoms of overactive bladder syndrome and urge urinary incontinence occur in both male and female patients and are related to those that occur in LUTS; inhibitors that block PDE5 and/or PDE1 activity have shown some promise in relieving symptoms and are considered potential therapies for these problems (Gacci et al., 2007) . In addition, use of PDE inhibitors is being tested for treatment of premature ejaculation, Peyronie's disease, and ureteral relaxation for eased passage of kidney stones (Gratzke et al., 2007; Sandner et al., 2009) . There is some evidence that elevation of cGMP by use of PDE5 inhibitors is atheroprotective in the vasculature (KempHarper and Schmidt, 2009 ) and may improve endothelial health (Rosano et al., 2005; Aversa et al., 2007) . Despite the small effect of the approved PDE5 inhibitors on systemic blood pressure, investigators still consider development of pharmacotherapies that increase cGMP in the vasculature good candidates for treatment of hypertension (Kemp-Harper and Schmidt, 2009) , and there continues to be some interest in usefulness of these therapies for treatment of female sexual dysfunction. Finally, reports have suggested that PDE5 inhibitors may speed circadian adaptation to changes in light schedules (as experienced in transcontinental travel) (Agostino et al., 2007) , are neuroprotective in stroke models in rodents (Zhang et al., 2002) , and have procognitive functions (Prickaerts et al., 2002 ). An inhibitor for PDE10 that hydrolyzes both cGMP and cAMP is considered a promising target for treatment of schizophrenia (Schmidt et al., 2008) . Thus, all proteins involved in the NO/cGMP/PKG/PDE pathway are now recognized as potential drug targets for modulating this signaling.
V. Feedback Mechanisms That Affect cGMP Signaling
A. Negative Feedback
Negative feedback regulation is a common control for accelerating the demise of second messenger signals, including that of cGMP. In addition to the normal mass action effect of cGMP elevation, this process is mediated by several mechanisms in the cGMP-signaling pathway: 1) increased breakdown of cGMP as a result of cGMP activation of catalytic activities by binding to allosteric sites of certain PDEs (PDEs 2 and 5) (Figs. 6 and 7) (Bender and Beavo, 2006a; Conti and Beavo, 2007) ; 2) increased breakdown of cGMP resulting from phosphorylation of the regulatory domain (PDE3 and PDE5) (Ahmad et al., 2000; Koesling et al., 2005; Francis et al., 2009) ; 3) increased binding of cGMP to allosteric sites in PDEs resulting in sequestration of cGMP (PDEs 2 and 5) (Gopal et al., 2001; Kotera et al., 2004a) ; 4) desensitization of NO-GC Mayer et al., 2009 ), 5) down-regulation of PKG protein level (Lincoln et al., 2001; Browner et al., 2004; Dey et al., 2009) , and 5) up-regulation of PDEs such as PDE1 and PDE5 (T. Kono, S. Francis, and J. Corbin, unpublished observations; Kim et al., 2001) .
PDE1 and PDE5 play major roles in negative feedback regulation of cGMP signaling in vascular and airway smooth muscle Kim et al., 2001; Mullershausen et al., 2006; Farrow et al., 2008; Wilson et al., 2008) . Under basal conditions, cGMP level is well below the K m of both PDEs, so that as cGMP synthesis increases, cGMP hydrolysis accelerates simply as a result of mass action. In addition, cGMP binds to the allosteric cGMP-binding site provided by GAF-A on PDE5. This binding increases catalytic site affinity for cGMP, thereby increasing the catalytic rate at subsaturating cGMP. It also increases phosphorylation of Ser-102 by PKG, which further increases catalytic site affinity for cGMP and also enhances allosteric site affinity for cGMP; this increases cGMP sequestration away from the free cytosolic pool. In concert, these events increase the PDE5 efficiency to thwart the NO-initiated increase in cellular cGMP level. These events occur within seconds after NO-stimulation and are pivotal in returning cGMP to near-basal levels in the short term. Moreover, these same events increase the affinity of the PDE5 catalytic site for inhibitors, which then facilitates potency and efficacy of the pharmacological action of these compounds (Blount et al., 2004; Bessay et al., 2008) .
B. Persistent Effects of Nitric Oxide/cGMP Signaling
In platelets, vascular smooth muscle and airway smooth muscle, the effects of increases in cGMP and activation of the negative feedback pathway through PDE5 activation are, in effect, "remembered" for more than an hour (Fig. 8) (Wyatt et al., 1998; Mullershausen et al., 2001 Mullershausen et al., , 2003 . In these instances, prior exposure to a stimulus that elevates cGMP causes rapid activation of PDE5 that persists and desensitizes the cell to subsequent challenges by the activator. In both vascular smooth muscle cells and platelets, evidence indicates that cGMP binding to the PDE5 allosteric site is sufficient to activate the enzyme and that this cGMP dissociates slowly so that the activation of catalytic function is sustained. Because the affinity of the allosteric cGMPbinding sites of both PDE5 and PDE2 for cGMP is ϳ10-to 50-fold greater than that of the respective catalytic sites, cGMP may remain associated with these allosteric sites well after cGMP has fallen below that required for interaction with the PDE catalytic sites. This cGMPbound form of PDE5 and PDE2 would preserve the ac-552 tivated state that is primed to counter subsequent increases in cGMP. Responsiveness to a second NO signal is slowly recovered as indicated by the progressive increase in both the magnitude of the increase in cGMP and the time course of its elevation (Fig. 8) . However, in patients taking nitroglycerin, NO exposure would be ongoing and could contribute to NO resistance.
Phosphorylation of PDE5 enhances the desensitization but is not necessary for the persistent and diminished changes in cGMP in response to a NO signal (Mullershausen et al., 2001 (Mullershausen et al., , 2003 . However, phospho-PDE5 persists for at least an hour in some instances, indicating that phosphoprotein phosphatases do not rapidly dephosphorylate the enzyme under these conditions (Wyatt et al., 1998; Corbin and Francis, 1999; Mullershausen et al., 2001 Mullershausen et al., , 2003 Mullershausen et al., , 2006 Koesling et al., 2005; Francis et al., 2006) . Agents that directly activate PKG potently relax the tissues, indicating that the desensitization is not due to changes in PKG function and is consistent with the interpretation that desensitization is due to an effect on PDE5 (Mullershausen et al., 2006) .
In some instances, prolonged exposure to NO and increased cGMP lead to more persistent changes at several steps in the NO/cGMP/PKG signaling pathway, including down-regulation of PKG and up-regulation of PDEs. Long-term exposure of vascular tissues to NO elicits down-regulation of PKG activity, PKG protein, and PKG mRNA (Gao et al., 2004) . Tolerance to NO derived from nitrovasodilators is associated with upregulation of PDE1A mRNA, PDE1A protein, and PDE1A activity levels ); PDE5 protein and mRNA levels are unchanged. In results from our lab, PDE5 activity in vascular smooth muscle cells incubated with 8-Br-cGMP increases over time (T. Kono, S. Francis, and J. Corbin, unpublished observations) (Fig. 9 ). This is accompanied by a decline in PKGI activity. A similar decline in PKGI protein as well as PKGI mRNA has been reported by Browner et al. (2004) in cultured bovine aortic smooth muscle cells exposed to inflammatory cytokines, NO-donors, or cGMP analogs.
Suppression of PKGI is associated with and dependent upon increased NO-GC activity and high cGMP, which cross-activates PKA to alter PKGI gene expression. Sellak et al. (2002) had earlier demonstrated that NO-induced suppression of PKG expression in vascular smooth muscle cells is mediated by PKA action to interfere with Sp1-dependent gene transcription. Likewise, promoters that drive expression of PDE5A are up-regulated by either cAMP or cGMP, which would be consistent with effects of prolonged exposure of cells to either cN analogs or NO (Kotera et al., 1999a; Lin et al., 2001a,b) . The molecular basis for these changes in PKGI and PDE5 are still poorly understood and are likely to be mediated by a number of processes, including changes in gene transcription, mRNA stabilization, protein synthesis, protein degradation, or state of activation of the respective proteins. For PKG, prolonged activation fosters autophosphorylation, which has been shown to promote ubiquitination and protein breakdown (Dey et al., 2009 ). PKG expression is also down-regulated by RhoA and up-regulated by Rac1, but whether these processes are in play with prolonged elevation of cGMP is not known (Zeng et al., 2006) . These changes in PDEs and PKG in response to sustained increases in the NO/ cGMP/PKG signaling pathway suggest a classic feedback response to blunt or terminate a signal. Nevertheless, unlike the tolerance associated with NO therapies, no tachyphylaxis after use of PDE5 inhibitors for treatment of erectile dysfunction has been reported despite prolonged and regular use in many instances. So far, however, most of these inhibitors have been taken sporadically (once or twice a week). A daily regimen has been approved for tadalafil so that drug exposure will be more sustained; long-term follow-up on these patients Long-term regulation of PDE5 and PKGI in response to persistent elevation of cGMP. Cultured rat vascular smooth muscle cells were exposed to 0.1 mM 8-Br-cGMP for various times. PDE5 catalytic activity was measured using 0.3 M cGMP as substrate Ϯ 0.1 M sildenafil as described previously . PKG and PKA catalytic activities were determined as described previously (Jiang et al., 1992) . cAMP-PDE activity [measured at either 0.3 or 30 M cAMP as described previously ] and activity of PDE 1, 3, or 4, determined on the basis of effects of family-selective PDE inhibitors, was unchanged. Prolonged exposure to 0.1 mM 8-Br-cAMP had no effect. Data represent the mean Ϯ S.E. (n ϭ 3-7).
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with particular attention to an increase in tachyphylaxis would be prudent.
An unexpected persistence of the pharmacological effects of PDE5 inhibitors has been reported in men being treated for erectile dysfunction and in experimental protocols that model cardiac damage. In many men treated with PDE5 inhibitors (sildenafil or tadalafil) for relief of erectile dysfunction, improvement of the erectile response persists beyond the time required for plasma clearance of the drugs (t 1/2 values of 4 and 18 h, respectively) to subtherapeutic levels (Porst et al., 2003; Moncada et al., 2004; Young et al., 2005; Shabsigh et al., 2006) . This suggests that sustained high level of the inhibitors in plasma is not required for continued therapeutic efficacy. However, the molecular mechanism underlying this phenomenon is not understood . One possibility is that the biochemical processes and changes elicited by elevation of cGMP in penile vascular smooth muscle are retained for many hours after PDE5 inhibitors are cleared. This scenario is supported by results reported by Kukreja and colleagues (Salloum et al., 2003; Kukreja et al., 2005) in their studies of the cardioprotective effects of sildenafil in hearts exposed to ischemia-reperfusion conditions or induction of myocardial infarction. A single dose of sildenafil in these mice has cardioprotective effects even at 24 h. Hearts from sildenafil-treated animals have significantly elevated levels of eNOS and inducible NOS proteins, the activities of which are implicated in the protective effects (Salloum et al., 2003; Kukreja et al., 2005) ; cGMP level in hearts of sildenafil-treated animals is elevated, which would foster increased PKGI-mediated processes (Das et al., 2002) .
Alternatively, tissue sensitivity to a subsequent cGMP signal may be enhanced by a feed-forward process. These inhibitors have very high affinity for PDE5 (0.1-4 nM), and because of this tight binding to the enzyme, they may be retained in smooth muscle beyond the plasma clearance time . Exposure of purified PDE5 to sildenafil, vardenafil, or tadalafil for 5 to 12 h causes a time-dependent conversion of PDE5 to a form that has higher affinity for these compounds (Blount et al., 2007) . Sildenafil, vardenafil, and tadalafil reach peak plasma concentration (and presumably peak cellular concentration) at ϳ1 to 2 h after dosing, and the t 1/2 for plasma clearance of these drugs is ϳ4, ϳ4, and ϳ18 h, respectively. Thus, the time of PDE5 exposure to these medications is within the range of the time required for PDE5 conversion to a higheraffinity conformation. Moreover, the smooth muscle in the penile vasculature of a man who has been sexually aroused after taking one of these medications will experience an increase in cGMP synthesis as a result of NO released from penile nerves and endothelial cells and a decrease in cGMP breakdown as a result of these medications to block PDE5 activity. PDE5 conversion to a higher-affinity form would be enhanced not only by the time of exposure to the inhibitors before and after sexual arousal but also by the NO-induced rise in cGMP in response to sexual arousal. This would foster increased cGMP binding to PDE5 allosteric sites and phosphorylation at Ser-102 (human) in its regulatory site, both of which increase the affinity of PDE5 interaction with the respective inhibitors (Corbin et al., 2000; Blount et al., 2004 Blount et al., , 2007 Bessay et al., 2008) . All components would favor a conformation of PDE5 that has significantly higher affinity for the inhibitors. As these medications are cleared from the plasma, the amount that is free in the cytosol will decline in parallel. However, the component that is bound to PDE5 (both higher and lower affinity states) will dissociate slowly; once dissociated, it is likely to be bound again either by the same PDE5 molecule or by another PDE5 that has a free catalytic site, thereby retarding clearance of the drug from the cell and providing for persistence of its inhibition of PDE5 beyond the predicted therapeutic time frame based on plasma clearance time . Thus, in contrast to the NO-desensitization associated with prior NO exposure that has been described in section IV.B for platelets and aortic vascular smooth muscle, in this setting, the penile vascular smooth muscle seems to have enhanced responsiveness to a subsequent NO signal from penile nerves and endothelium. This apparently disparate response of different smooth muscles to NO-induced increased cGMP may indicate that there are distinct mechanisms at play even when tissues are closely related. The fact that vascular smooth muscle cells in the penile corpus cavernosum are continually exposed to a low level of endothelially derived NO, as are other vascular smooth muscle cells and platelets, but experience a brief surge of neuronally derived NO during sexual arousal may be a partial explanation for this different response.
VI. Conclusions
Many of the mechanisms involved in NO signaling through cGMP and PKG are now well established, and roles of this pathway in physiological and pathological processes continue to be discovered. The impact of the action of cGMP-hydrolyzing PDEs on this signaling pathway is also well established, and the potential for therapeutic intervention has been demonstrated by the success of PDE5 inhibitors sildenafil, tadalafil, and vardenafil for treatment of erectile dysfunction and pulmonary hypertension. There are many opportunities and challenges to fully understand this complex NO/ cGMP-signaling pathway. A full grasp of its mechanisms will undoubtedly open new avenues for treating medical consequences of its dysfunction.
